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HOW TO USE THIS BOOK 


Organic chemistry is much like bicycle riding. You cannot learn how to ride a bike by watching 
other people ride bikes. Some people might fool themselves into believing that it’s possible to 
become an expert bike rider without ever getting on a bike. But you know that to be incorrect 
(and very naive). In order to learn how to ride a bike, you must be willing to get on the bike, 
and you must be willing to fall. With time (and dedication), you can quickly train yourself to 
avoid falling, and to ride the bike with ease and confidence. The same is true of organic 
chemistry. In order to become proficient at solving problems, you must “ride the bike”. You 
must try to solve the problems yourself (without the solutions manual open in front of you). 
Once you have solved the problems, this book will allow you to check your solutions. If, 
however, you don’t attempt to solve each problem on your own, and instead, you read the 
problem statement and then immediately read the solution, you are only hurting yourself. You 
are not learning how to avoid falling. Many students make this mistake every year. They use 
the solutions manual as a crutch, and then they never really attempt to solve the problems on 
their own. It really is like believing that you can become an expert bike rider by watching 
hundreds of people riding bikes. The world doesn’t work that way! 


The textbook has thousands of problems to solve. Each of these problems should be viewed as 
an opportunity to develop your problem-solving skills. By reading a problem statement and 
then reading the solution immediately (without trying to solve the problem yourself), you are 
robbing yourself of the opportunity provided by the problem. If you repeat that poor study 
habit too many times, you will not learn how to solve problems on your own, and you will not 
get the grade that you want. 


Why do so many students adopt this bad habit (of using the solutions manual too liberally)? 
The answer is simple. Students often wait until a day or two before the exam, and then they 
spend all night cramming. Sound familiar? Unfortunately, organic chemistry is the type of 
course where cramming is insufficient, because you need time in order to ride the bike yourself. 
You need time to think about each problem until you have developed a solution on your own. 
For some problems, it might take days before you think of a solution. This process is critical for 
learning this subject. Make sure to allot time every day for studying organic chemistry, and use 
this book to check your solutions. This book has also been designed to serve as a study guide, 
as described below. 


WHAT'S IN THIS BOOK 


This book contains more than just solutions to all of the problems in the textbook. Each 
chapter of this book also contains a series of exercises that will help you review the concepts, 
skills and reactions presented in the corresponding chapter of the textbook. These exercises 
are designed to serve as study tools that can help you identify your weak areas. Each chapter 
of this solutions manual/study guide has the following parts: 


e Review of Concepts. These exercises are designed to help you identify which concepts 
are the least familiar to you. Each section contains sentences with missing words 
(blanks). Your job is to fill in the blanks, demonstrating mastery of the concepts. To 
verify that your answers are correct, you can open your textbook to the end of the 
corresponding chapter, where you will find a section entitled Review of Concepts and 
Vocabulary. |n that section, you will find each of the sentences, verbatim. 

e Review of Skills. These exercises are designed to help you identify which skills are the 
least familiar to you. Each section contains exercises in which you must demonstrate 
mastery of the skills developed in the SkillBuilders of the corresponding textbook 
chapter. To verify that your answers are correct, you can open your textbook to the end 
of the corresponding chapter, where you will find a section entitled SkillBuilder Review. 
In that section, you will find the answers to each of these exercises. 

e Review of Reactions. These exercises are designed to help you identify which reagents 
are not at your fingertips. Each section contains exercises in which you must 
demonstrate familiarity with the reactions covered in the textbook. Your job is to fill in 
the reagents necessary to achieve each reaction. To verify that your answers are 
correct, you can open your textbook to the end of the corresponding chapter, where 
you will find a section entitled Review of Reactions. In that section, you will find the 
answers to each of these exercises. 

e Review of Mechanisms. These exercises are designed to help you practice drawing the 
mechanisms. To verify that you have drawn the mechanism correctly, you can open 
your textbook to the corresponding chapter, where you will find the mechanisms 
appearing in numbered boxes throughout the chapter. In those numbered boxes, you 
will find the answers to each of these exercises. 

e Common Mistakes to Avoid. This is a new feature to this edition. The most common 
student mistakes are described, so that you can avoid them when solving problems. 

e A List of Useful Reagents. This is a new feature to this edition. This list provides a 
review of the reagents that appear in each chapter, as well as a description of how each 
reagent is used. 

e Solutions. At the end of each chapter, you'll find detailed solutions to all problems in the 
textbook, including all SkillBuilders, conceptual checkpoints, additional problems, 
integrated problems, and challenge problems. 


The sections described above have been designed to serve as useful tools as you study and 
learn organic chemistry. Good luck! 


David Klein 
Johns Hopkins University 


Chapter 1 
A Review of General Chemistry: 
Electrons, Bonds and Molecular Properties 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 1. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


° isomers share the same molecular formula but have different connectivity of 
atoms and different physical properties. 

e Second-row elements generally obey the rule, bonding to achieve noble gas electron 
configuration. 


e A pair of unshared electrons is called a 
e A formal charge occurs when atoms do not exhibit the OOE number of 


e Anatomic orbital is a region ae space associated with , while a 
molecular orbital is associated with 

e  Methane's tetrahedral geometry can be explained using four degenerate ____-hybridized 
orbitals to achieve its four single bonds. 

e  Ethylene's planar geometry can be explained using three degenerate -hybridized orbitals. 

e  Acetylene's linear geometry is achieved via -hybridized carbon atoms. 

e The geometry of small compounds can be predicted using valence shell electron pair repulsion 
(VSEPR) theory, which focuses on the number of bonds and 
exhibited by each atom. 

e The physical properties of compounds are determined by forces, the 


attractive forces between molecules. 

e London dispersion forces result from the interaction between transient 
and are stronger for larger alkanes due to their larger surface area and ability to accommodate 
more interactions. 


Review of Skills 
Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 1. The answers appear in the section entitled SkillBuilder Review. 


SkillBuilder 1.1 Drawing Constitutional Isomers of Small Molecules 


Step 1 Determine Step 2 Connect the atoms of highest valency, and place Step 3 Consider other ways to connect the 
the valency of each the monovalent atoms at the periphery. atoms. 
atom in C3HgO. 
| o | | | Lop 
—c— C—C—C-O => H—6—6—-6-0-H 
| —H MEM H H H 


SkillBuilder 1.2 Drawing the Lewis Structure of a Small Molecule 


Step 1 Draw the Lewis dot Step 2 First connect atoms Step 3 Connect the Step 4 Pair any unpaired electrons, 
structure of each atom in CH,O. that form more than one bond. | hydrogen atoms. so that each atom achieves an octet. 


See ESSE 
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SkillBuilder 1.3 Calculating Formal Charge 


Step 1 Determine the appropriate Step 2 Determine the number of Step 3 Assign a formal charge to 
number of valence electrons. valence electrons in this case. the nitrogen atom. 


nitrogen atom 
exhibits only — 
H**N**H | valence electrons. 


| of the 
EE ad periodic table, and 
H N H is expected to have 
H valence 


A 
z 
electrons. H 


Nitrogen is in Group H In this case, the 


SkillBuilder 1.4 Locating Partial Charges Resulting from Induction 


Step 1 Circle the bonds below that | Step 2 For each polar covalent bond, draw an Step 3 Indicate the location of all 
are polar covalent. arrow that shows the direction of the dipole partial charges (ô+ and ô-). 
moment. 
H H 
ioe i NS 
um m H— C —O —H H—C—O—H 
H H 


SkillBuilder 1.5 Reading Bond-Line Structures 


Circle all carbon atoms in the compound below | Draw all hydrogen atoms in the compound below 
CI CI 


OM. | Od 


F 


Step 1 In the energy 
diagram shown here, 
draw the electron 
configuration of nitrogen 
(using arrows to 
represent electrons). 


Step 2 Fill in the boxes below with the 
numbers that correctly describe the 
electron configuration of nitrogen. 


iV 2020 


A carbon atom with four single A carbon atom with one double | A carbon atom with a triple 
bonds will be hybridized. | bond will be hybridized. | bond will be hybridized. 


—c= 
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SkillBuilder 1.8 Predicting Geometry 


Step 1 Determine the steric | Step 1 The steric number determines the Step 3 Identify the geometry in each case below: 
number of the nitrogen atom | arrangement of electron pairs. Fill in the 


here by adding the number chart below: RIEN TREE I 1 
of single bonds and lone - i tetrahedral! 
pairs. Steric Arrangement of ! arrangement of 
TIN RE # Electron Pairs i ] electron pairs | 
| 
H 4 No lone One Two lone 
pairs lone pairs 
# of single bonds Ņ pair 
3 
# of lone pairs (1) 
: E 2 
Steric Number = 


SkillBuilder 1.9 Identifying the Presence of Molecular Dipole Moments 


Step 1 Identify the geometry Step 2 Redraw the compound. Draw an arrow | Step 3 Redraw the compound, 
of the oxygen atom below: for each dipole moment (showing its direction): | and draw the net dipole moment: 
Hz m oH 
\ COL 7 
Hager i Goch 
H H 


SkillBuilder 1.10 Predicting Physical Properties 


Dipole-Dipole Interactions Hydrogen-Bonding Interactions Carbon Skeleton 

Circle the compound below that | Circle the compound below that is Circle the compound below that is expected 
is expected to have the higher expected to have the higher boiling point. to have the higher boiling point. 

boiling point. 


beei Ci ise MEER 
UR mE E e E 
H H H H H H H H H HHH 


A Common Mistake to Avoid 


When drawing a structure, don’t forget to draw formal charges, as forgetting to do so is a common error. If 
a formal charge is present, it MUST be drawn. For example, in the following case, the nitrogen atom bears 
a positive charge, so the charge must be drawn: 


INCORRECT CORRECT 
l 1 
H-N-H H-N*H 
H H 


As we progress though the course, we will see structures of increasing complexity. If formal charges are 
present, failure to draw them constitutes an error, and must be scrupulously avoided. If you have trouble 
drawing formal charges, go back and master that skill. You can't go on without it. Don't make the mistake 
of underestimating the importance of being able to draw formal charges with confidence. 
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Solutions 


1.1. 

(a) Begin by determining the valency of each atom that 
appears in the molecular formula. The carbon atoms are 
tetravalent, while the chlorine atom and hydrogen atoms 
are all monovalent. The atoms with more than one bond 
(in this case, the three carbon atoms) should be drawn in 
the center of the compound. Then, the chlorine atom can 
be placed in either of two locations: i) connected to the 
central carbon atom, or ii) connected to one of the other 
two (equivalent) carbon atoms. The hydrogen atoms are 
then placed at the periphery (ensuring that each carbon 
atom has a total of four bonds). The formula C3H7Cl has 
two constitutional isomers. 


ea PRA 
di cp E S 
H H H H H H 


(b) Begin by determining the valency of each atom that 
appears in the molecular formula. The carbon atoms are 
tetravalent, while the hydrogen atoms are all monovalent. 
The atoms with more than one bond (in this case, the four 
carbon atoms) should be drawn in the center of the 
compound. There are two different ways to connect four 
carbon atoms. They can either be arranged in a linear 
fashion or in a branched fashion: 


i 
C—C—C-C C—c-C 
1 2 3 4 42°. 33 
Linear Branched 


We then place the hydrogen atoms at the periphery 
(ensuring that each carbon atom has a total of four bonds). 
The formula C4H10 has two constitutional isomers: 


| 
H—C—H 


(c) Begin by determining the valency of each atom that 
appears in the molecular formula. The carbon atoms are 
tetravalent, while the hydrogen atoms are all monovalent. 
The atoms with more than one bond (in this case, the five 
carbon atoms) should be drawn in the center of the 
compound. So we must explore all of the different ways 
to connect five carbon atoms. First, we can connect all 
five carbon atoms in a linear fashion: 


C—C—C—C-C 
1 2 3 4 5 
Alternatively, we can draw four carbon atoms in a linear 


fashion, and then draw the fifth carbon atom on a branch. 
There are many ways to draw this possibility: 


C C 


i 
C—C-—C 
I2 3 4 


=0 
| 
uO 
| 
oO 
| 
RO 
Ill 
RO 
| 
oO 


—C 
2 14 
Finally, we can draw three carbon atoms in a linear 
fashion, and then draw the remaining two carbon atoms 
on separate branches. 


Note that we cannot draw a unique carbon skeleton (a 
unique arrangement of carbon atoms) simply by placing 
the last two carbon atoms together as one branch, because 
that possibility has already been drawn earlier (a linear 
chain of four carbon atoms with a single branch): 


O 
wo 
Il 


In summary, there are three different ways to connect five 
carbon atoms: 


C—Cc—c-—-c-cC C—Cc—c-C C—C-C 
1 2 3 4 5 1 2 3 4 1 D. 3 


We then place the hydrogen atoms at the periphery 
(ensuring that each carbon atom has a total of four bonds). 
The formula CsH12 has three constitutional isomers: 


1 
H—C—H 
1 i 1 
H—C—H H-C— 6— C-H 
H H H 
| | | A | n 
ince S E 
H H H H 


(d) Begin by determining the valency of each atom that 
appears in the molecular formula. The carbon atoms are 
tetravalent, the oxygen atom is divalent, and the hydrogen 
atoms are all monovalent. Any atoms with more than one 
bond (in this case, the four carbon atoms and the one 
oxygen atom) should be drawn in the center of the 
compound, with the hydrogen atoms at the periphery. 
There are several different ways to connect four carbon 
atoms and one oxygen atom. Let’s begin with the four 
carbon atoms. There are two different ways to connect 
four carbon atoms. They can either be arranged in a linear 
fashion or in a branched fashion. 


ii 
C—Cc—-c-Cc C—Cc-C 
1 2 3 4 1 2 3 
Linear Branched 


Next, the oxygen atom must be inserted. For each of the 
two skeletons above (linear or branched), there are several 
different locations to insert the oxygen atom. The linear 
skeleton has four possibilities, shown here: 


and the branched skeleton has three possibilities shown 
here: 


ii f f 
,676-C C3C-C C—-O-—C-C 
I. 2 3 1 3 1 2 3 
O 9) 


Finally, we complete all of the structures by drawing the 
bonds to hydrogen atoms (ensuring that each carbon atom 
has four bonds, and each oxygen atoms has two bonds). 
The formula C4H100 has seven constitutional isomers: 


H 
"nun HHH 
"40)6-6-6-6-H  H-¢-¢-¢-0—H 
H HHH H H HH 
H H H H H H H H 
H-640é-6-6-H — H-6- C0) c-c-H 
H H H H H H H H 
H H 
H-¢-H H-6-H 
H | H H | H 
HG —6—6-H — H-6—6— 6-8 
H H H H (ò) H 
H " 
H—C—H 
H H 
H-¢40-0—¢-H 
H H H 


(e) Begin by determining the valency of each atom that 
appears in the molecular formula. The carbon atoms are 
tetravalent, while the chlorine atom and hydrogen atoms 
are all monovalent. The atoms with more than one bond 
(in this case, the three carbon atoms) should be drawn in 
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the center of the compound. There is only way to connect 
three carbon atoms: 


Cc—C—-C 
1 2 8 


Next, we must determine all ofthe different possible ways 
of connecting two chlorine atoms to the chain of three 
carbon atoms. If we place one chlorine atom at C1, then 
the second chlorine atom can be placed at C1, at C2 or at 
C3: 


Gl G G G Gl 
CI-—-C—C—C C—C-C C—C-—C 
1 2 3 1 2 3 1 2 3 


Furthermore, we can place both chlorine atoms at C2, 
giving a new possibility not shown above: 


There are no other possibilities. For example, placing the 
two chlorine atoms at C2 and C3 is equivalent to placing 
them at C1 and C2: 


e Gl Gl e 
C—C—C = C—Cc—C 
3 2 1 1 2. 3 


Finally, the hydrogen atoms are placed at the periphery 
(ensuring that each carbon atom has a total of four bonds). 
The formula C3HeCb has four constitutional isomers: 


CI)H H CICl) H 
cR 
Cl H H H H H 
0 G A 
ud Na 
H H H H (Cl) H 


1.2. The carbon atoms are tetravalent, while the chlorine 
atoms and fluorine atoms are all monovalent. The atoms 
with more than one bond (in this case, the two carbon 
atoms) should be drawn in the center of the compound. 
The chlorine atoms and fluorine atoms are then placed at 
the periphery, as shown. There are only two possible 
constitutional isomers: one with the three chlorine atoms 
all connected to the same carbon, and one in which they 
are distributed over both carbon atoms. Any other 
representations that one may draw must be one of these 
structures drawn in a different orientation. 


er ar 
CI-C-6—F CI-c-6—F 
Cl F F Cl 
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1.3. 

(a) Each carbon atom has four valence electrons, and each 
hydrogen atom has one valence electron. Only the carbon 
atoms can form more than one bond, so we begin by 
connecting the carbon atoms to each other. Then, we 
connect all of the hydrogen atoms, as shown. 


H:C:C:H 
HH 


(b) Each carbon atom has four valence electrons, and each 
hydrogen atom has one valence electron. Only the carbon 
atoms can form more than one bond, so we begin by 
connecting the carbon atoms to each other. Then, we 
connect all of the hydrogen atoms, and the unpaired 
electrons are shared to give a double bond. In this way, 
each of the carbon atoms achieves an octet. 


H:C::C:H 
H H 


(c) Each carbon atom has four valence electrons, and each 
hydrogen atom has one valence electron. Only the carbon 
atoms can form more than one bond, so we begin by 
connecting the carbon atoms to each other. Then, we 
connect all of the hydrogen atoms, and the unpaired 
electrons are shared to give a triple bond. In this way, 
each of the carbon atoms achieves an octet. 


H:C::C:H 


(d) Each carbon atom has four valence electrons, and each 
hydrogen atom has one valence electron. Only the carbon 
atoms can form more than one bond, so we begin by 
connecting the carbon atoms to each other. Then, we 
connect all of the hydrogen atoms, as shown. 


(e) The carbon atom has four valence electrons, the 
oxygen atom has six valence electrons, and each hydrogen 
atom has one valence electron. Only the carbon atom and 
the oxygen atom can form more than one bond, so we 
begin by connecting them to each other. Then, we connect 
all of the hydrogen atoms, as shown. 


I 
IOT 
T 


1.4. Boron is in column 3A of the periodic table, so it has 
three valence electrons. Each of these valence electrons 
is shared with a hydrogen atom, shown below. The central 
boron atom lacks an octet of electrons, and it is therefore 
very unstable and reactive. 


I 
TUI 


1.5. Each of the carbon atoms has four valence electrons; 
the nitrogen atom has five valence electrons; and each of 
the hydrogen atoms has one valence electron. We begin 
by connecting the atoms that have more than one bond (in 
this case, the three carbon atoms and the nitrogen atom). 
There are four different ways that these four atoms can be 
connected to each other, shown here. 


N 
N—-C-C-C C—Cc-—C 
1 2 3 1 2 3 
CXN-—-C-C C—=N-C 
1 2 3 4 I 3 

C 

2 


For each of these possible arrangements, we connect the 
hydrogen atoms, giving the following four constitutional 
isomers. 


HHHH H ENH y 
N:G:C:C:H Hsc : C: CB 
HH HH Hu H 
H.HH Ho. H 
H:C:N:C:C H H C :N: C:H 
HHH A H peH H 
H 


In each of these four structures, the nitrogen atom has one 
lone pair. 


1.6. 

(a) The carbon atom has four valence electrons, the 
nitrogen atom has five valence electrons and the hydrogen 
atom has one valence electron. Only the carbon atom and 
the nitrogen atom can form more than one bond, so we 
begin by connecting them to each other. Then, we connect 
the hydrogen atom to the carbon, as shown. The unpaired 
electrons are shared to give a triple bond. In this way, both 
the carbon atom and the nitrogen atom achieve an octet. 


H:C::: N: 


(b) Each carbon atom has four valence electrons, and each 
hydrogen atom has one valence electron. Only the carbon 
atoms can form more than one bond, so we begin by 
connecting the carbon atoms to each other. Then, we 
connect all of the hydrogen atoms as indicated in the given 
condensed formula (CHoCHCHCH»), and the unpaired 
electrons are shared to give two double bonds on the 
outermost carbons. In this way, each of the carbon atoms 
achieves an octet. 


ICM 
Or 
Or 

ZO: 


1.7. 
(a) Aluminum is in group 3A of the periodic table, and it 
should therefore have three valence electrons. In this 


case, the aluminum atom exhibits four valence electrons 
(one for each bond). With one extra electron, this 
aluminum atom will bear a negative charge. 


(b) Oxygen is in group 6A of the periodic table, and it 
should therefore have six valence electrons. In this case, 
the oxygen atom exhibits only five valence electrons (one 
for each bond, and two for the lone pair). This oxygen 
atom is missing an electron, and it therefore bears a 
positive charge. 


(c) Nitrogen is in group 5A of the periodic table, and it 
should therefore have five valence electrons. In this case, 
the nitrogen atom exhibits six valence electrons (one for 
each bond and two for each lone pair). With one extra 
electron, this nitrogen atom will bear a negative charge. 


H H 

I ® | 
H— G- N— c- H 

H H 


(d) Oxygen is in group 6A of the periodic table, and it 
should therefore have six valence electrons. In this case, 
the oxygen atom exhibits only five valence electrons (one 
for each bond, and two for the lone pair). This oxygen 
atom is missing an electron, and it therefore bears a 
positive charge. 


(e) Carbon is in group 4A of the periodic table, and it 
should therefore have four valence electrons. In this case, 
the carbon atom exhibits five valence electrons (one for 
each bond and two for the lone pair). With one extra 
electron, this carbon atom will bear a negative charge. 


9 
H—6—H 
H 


(f) Carbon is in group 4A of the periodic table, and it 
should therefore have four valence electrons. In this case, 
the carbon atom exhibits only three valence electrons (one 
for each bond). This carbon atom is missing an electron, 
and it therefore bears a positive charge. 


(g) Oxygen is in group 6A of the periodic table, and it 
should therefore have six valence electrons. In this case, 
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the oxygen atom exhibits only five valence electrons (one 
for each bond, and two for the lone pair). This oxygen 
atom is missing an electron, and it therefore bears a 
positive charge. 


(h) Two of the atoms in this structure exhibit a formal 
charge because each of these atoms does not exhibit the 
appropriate number of valence electrons. The aluminum 
atom (group 3A) should have three valence electrons, but 
it exhibits four (one for each bond). With one extra 
electron, this aluminum atom will bear a negative charge. 
The neighboring chlorine atom (to the right) should have 
seven valence electrons, but it exhibits only six (one for 
each bond and two for each lone pair). It is missing one 
electron, so this chlorine atom will bear a positive charge. 


Cl: 


lo 
AR cdi: 


ie 


(i) Two of the atoms in this structure exhibit a formal 
charge because each of these atoms does not exhibit the 
appropriate number of valence electrons. The nitrogen 
atom (group 5A) should have five valence electrons, but 
it exhibits four (one for each bond). It is missing one 
electron, so this nitrogen atom will bear a positive charge. 
One of the two oxygen atoms (the one on the right) 
exhibits seven valence electrons (one for the bond, and 
two for each lone pair), although it should have only six. 
With one extra electron, this oxygen atom will bear a 
negative charge. 


H H “O° 
ie 1b 3b O 

H“N—C—C— Ó: 
H H 


1.8. 

(a) The boron atom in this case exhibits four valence 
electrons (one for each bond), although boron (group 3A) 
should only have three valence electrons. With one extra 
electron, this boron atom bears a negative charge. 


i 
H-B=H 
H 


(b) Nitrogen is in group 5A of the periodic table, so a 
nitrogen atom should have five valence electrons. A 
negative charge indicates one extra electron, so this 
nitrogen atom must exhibit six valence electrons (one for 
each bond and two for each lone pair). 


E 
N 


H—N—H 
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(c) One of the carbon atoms (below right) exhibits three 
valence electrons (one for each bond), but carbon (group 
4A) is supposed to have four valence electrons. It is 
missing one electron, so this carbon atom therefore bears 
a positive charge. 


(ia 
H-c-66 
H H 


1.9. Carbon is in group 4A of the periodic table, and it 
should therefore have four valence electrons. Every 
carbon atom in acetylcholine has four bonds, thus 
exhibiting the correct number of valence electrons (four) 
and having no formal charge. 


HH 
ito wrx 
H'O HH C H 
he rere T 
H{CHCHO4CHCHN-CHH 
H 
H HH 
H H 


H 


Oxygen is in group 6A of the periodic table, and it should 
therefore have six valence electrons. Each oxygen atom in 
acetylcholine has two bonds and two lone pairs of 
electrons, so each oxygen atom exhibits six valence 
electrons (one for each bond, and two for each lone pair). 
With the correct number of valence electrons, each 
oxygen atom will lack a formal charge. 


HÍ H 
D NIA 
e EE AR 2 
/ 
H—6—C-07-6-C—N—G-H 
H H De H 
H 


The nitrogen atom (group 5A) should have five valence 
electrons, but it exhibits four (one for each bond). It is 
missing one electron, so this nitrogen atom will bear a 
positive charge. 


Hu 
Su NIA 
H'O H H Č H 
| di | | ley 
H-C-C-0-6-C-N-G-H 
H H HG H 
HH 


1.10. 

(a) Oxygen is more electronegative than carbon, and a 
C-O bond is polar covalent. For each C—O bond, the O 
will be electron-rich (8—), and the C will be electron-poor 
(5+), as shown below. 


(b) Fluorine is more electronegative than carbon, and a 
C-F bond is polar covalent. For a C—F bond, the F will be 
electron-rich (9—), and the C will be electron-poor (6+). 
Chlorine is also more electronegative than carbon, so a 
C-Cl bond is also polar covalent. For a C-CI bond, the 
Cl will be electron-rich (6—), and the C will be electron- 
poor (+), as shown below. 


(c) Carbon is more electronegative than magnesium, so 
the C will be electron-rich (6—) in a C-Mg bond, and the 
Mg will be electron-poor (6+). Also, bromine is more 
electronegative than magnesium. So in a Mg-Br bond, 
the Br will be electron-rich (6—), and the Mg will be 
electron-poor (+), as shown below. 


H 

lag 8+  ..8- 
x m m 

H 


(d) Oxygen is more electronegative than carbon or 
hydrogen, so all C-O bonds and all O-H bond are polar 
covalent. For each C-O bond and each O-H bond, the O 
will be electron-rich (8—), and the C or H will be electron- 
poor (6+), as shown below. 


(e) Oxygen is more electronegative than carbon. As such, 
the O will be electron-rich (6—) and the C will be electron- 
poor (6+) in a C=O bond, as shown below. 


AA 
—-C— 
ò+ 


H— —H 


T—0Q-I 
I—O-—rI 


(f) Chlorine is more electronegative than carbon. As 
such, for each C-CI bond, the Cl will be electron-rich 
(6—) and the C will be electron-poor (6+), as shown below. 


1.11. Oxygen is more electronegative than carbon. As 
such, the O will be electron-rich (5—) and the C will be 
electron-poor (5+) in a C=O bond. In addition, chlorine 
is more electronegative than carbon. So for a C-Cl bond, 


the Cl will be electron-rich (6—) and the C will be electron- 
poor (+), as shown below. 


H “Ov H H H 
Lp ile lo ls aè 
H—C—C-6-6-6-Gl 
[ 5 [Pd 
H H H H 


Notice that two carbon atoms are electron-poor (8+). 
These are the positions that are most likely to be attacked 
by an electron-rich anion, such as hydroxide. 


1.12. Oxygen is more electronegative than carbon. As 
such, the O will be electron-rich (8—) and the C will be 
electron-poor (6+) in a C—O bond. In addition, chlorine is 
more electronegative than carbon. So for a C—Cl bond, 
the Cl will be electron-rich (8—) and the C will be electron- 
poor (5+), as shown below. As you might imagine, 
epichlorohydrin is a very reactive molecule! 


8- HU h 
Ò 
H C 
x Nee” 
T4 AT 


1.13. 

(a) Each corner and each endpoint represents a carbon 
atom (highlighted below), so this compound has six 
carbon atoms. Each carbon atom has enough attached 
hydrogen atoms to have exactly four bonds, as shown: 


H H 
NA 


H 
N 
H— 
/ /N 
HHE 
/N 

H H 


—H 

Hv. 

HT XH 
=H 


(b) Each corner and each endpoint represents a carbon 
atom (highlighted below), so this compound has twelve 
carbon atoms. Each carbon atom has enough attached 
hydrogen atoms to have exactly four bonds, as shown: 


| 
HaC, aC- 


HOS pees 


H3C CH3 


CH3 
(c) Each corner represents a carbon atom (highlighted 
below), so this compound has six carbon atoms. Each 


carbon atom has enough attached hydrogen atoms to have 
exactly four bonds, as shown: 


D "o 
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(d) Each corner represents a carbon atom (highlighted 
below), so this compound has seven carbon atoms. Each 
carbon atom has enough attached hydrogen atoms to have 
exactly four bonds, as shown: 


(e) Each corner and each endpoint represents a carbon 
atom (highlighted below), so this compound has seven 
carbon atoms. Each carbon atom has enough attached 
hydrogen atoms to have exactly four bonds, as shown: 


HH H 
d bod 
s HIS NA 
== ; —C c^ 
e = H] | 
C 


C 
H^ÍI^H HIIDH 
H H 


(f) Each corner represents a carbon atom (highlighted 
below), so this compound has seven carbon atoms. Each 
carbon atom has enough attached hydrogen atoms to have 
exactly four bonds, as shown: 


in © 
O RO MT 


Il 
I 
N 
7 
x 
Di 
7 
N 
/ 
I 


C 


ZN [Ns 


He HH 


1.14. Remember that each corner and each endpoint 
represents a carbon atom. This compound therefore has 
16 carbon atoms, highlighted below: 


Each carbon atom should have four bonds. We therefore 
draw enough hydrogen atoms in order to give each carbon 
atom a total of four bonds. Any carbon atoms that already 
have four bonds will not have any hydrogen atoms: 


H H H 
H vz H WV H | 
H e ZOS 
FAG C 7 
| I H | f 
Os. N, ees AS BOS —H 
l /N | \ 
oe aes ESQ 
Nf H HH H 


1.15. 
(a) As indicated in Figure 1.10, carbon has two Zs 
electrons, two 2s electrons, and two 2p electrons. This 
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information is represented by the following electron 
configuration: 1522522p? 


(b) As indicated in Figure 1.10, oxygen has two 1s 
electrons, two 2s electrons, and four 2p electrons. This 
information is represented by the following electron 
configuration: 15225?2p^ 


(c) As indicated in Figure 1.10, boron has two Zs 
electrons, two 2s electrons, and one 2p electron. This 
information is represented by the following electron 
configuration: 1s?2s?2p! 


(d) As indicated in Figure 1.10, fluorine has two Zs 
electrons, two 2s electrons, and five 2p electrons. This 
information is represented by the following electron 
configuration: 1s?2s?2p° 


(e) Sodium has two Zs electrons, two 2s electrons, six 2p 
electrons, and one 3s electron. This information is 
represented by the following electron configuration: 
15?25?2p63s! 


(f) Aluminum has two /s electrons, two 2s electrons, six 
2p electrons, two 3s electrons, and one 3p electron. This 
information is represented by the following electron 
configuration: 1522s522p635?3p! 


1.16. 

(a) The electron configuration of a carbon atom is 
1s22s?2p (see the solution to Problem 1.15a). However, 
if a carbon atom bears a negative charge, then it must have 
one extra electron, so the electron configuration should be 
as follows: 15?2s?2p? 


(b) The electron configuration of a carbon atom is 
1s?2s?2p? (see the solution to Problem 1.15a). However, 
if a carbon atom bears a positive charge, then it must be 
missing an electron, so the electron configuration should 
be as follows: 1s?2s?2p! 


(c) As seen in SkillBuilder 1.6, the electron configuration 
of a nitrogen atom is 1s?2s?2p?. However, if a nitrogen 
atom bears a positive charge, then it must be missing an 
electron, so the electron configuration should be as 
follows: 1s?2s?2p? 


(d) The electron configuration of an oxygen atom is 
1s22s?2p* (see the solution to Problem 1.15b). However, 
if an oxygen atom bears a negative charge, then it must 
have one extra electron, so the electron configuration 
should be as follows: 1s?2s?2p5 


1.17. Silicon is in the third row, or period, of the periodic 
table. Therefore, it has a filled second shell, like neon, 
and then the additional electrons are added to the third 
shell. As indicated in Figure 1.10, neon has two ls 
electrons, two 2s electrons, and six 2p electrons. Silicon 
has an additional two 35 electrons and two 3p electrons to 
give a total of 14 electrons and an electron configuration 
of 1522522p63523p?. 


1.18. The angles of an equilateral triangle are 60°, but 
each bond angle of cyclopropane is supposed to be 109.5?. 
Therefore, each bond angle is severely strained, causing 
an increase in energy. This form of strain, called ring 
strain, will be discussed in Chapter 4. The ring strain 
associated with a three-membered ring is greater than the 
ring strain of larger rings, because larger rings do not 
require bond angles of 60°. 


1.19. 
(a) The C=O bond of formaldehyde is comprised of one o 
bond and one z bond. 


(b) Each C-H bond is formed from the interaction 
between an sp?-hybridized orbital from carbon and an s 
orbital from hydrogen. 


(c) The oxygen atom is sp? hybridized, so the lone pairs 
occupy sp?-hybridized orbitals. 


1.20. Rotation ofa single bond does not cause a reduction 
in the extent of orbital overlap, because the orbital overlap 
occurs on the bond axis. In contrast, rotation of a n bond 
results in a reduction in the extent of orbital overlap 
between the two p orbitals, because the orbital overlap is 
NOT on the bond axis. 


1.21. 

(a) The highlighted carbon atom (below) has four 
o bonds, and is therefore sp? hybridized. The other carbon 
atoms in this structure are all sp? hybridized, because each 
of them has three c bonds and one nx bond. 


H Ò gH 
LII 7 


HC 
Z| Saar 

E / 

Sp? H 


(b) Each of the highlighted carbon atoms has four 
o bonds, and is therefore sp? hybridized. The other two 
carbon atoms in this structure are sp hybridized, because 
each has two o bonds and two n bonds. 


| | i 
H+C+c=c—+c+c+H 


Pu LUNY 
sp? sp? Sp 


(c) Each of the highlighted carbon atoms (below) has four 
o bonds, and is therefore sp? hybridized. The other two 
carbon atoms in this structure are sp? hybridized, because 
each has three c bonds and one x bond. 


3 
S, 
P H 
| H 
7 
H—C—C 
ne 
a 
H 


sp? 


(d) Each of the two central carbon atoms has two o bonds 
and two n bonds, and as such, each of these carbon atoms 
is sp hybridized. The other two carbon atoms (the outer 
ones) are sp? hybridized because each has three o bonds 
and one x bond. 


sp 
H H 
\ / 
DE EE 
/ \ 
H H 
sp 


(e) One of the carbon atoms (the one connected to oxygen) 
has two o bonds and two x bonds, and as such, it is sp 
hybridized. The other carbon atom is sp? hybridized 
because it has three o bonds and one x bond. 


“O° s 
lP 


Il = se 


1.22. Each of the following three highlighted carbon 
atoms has four o bonds, and is therefore sp? hybridized: 


ZA 
C "o 
NM I! 
C "s H 
N mA C CET 
C : Cx 
N \ LH 
C H=CHC>y 
\ undi: 
C=C=C H 
/ \ 
H H 


And each of the following three highlighted carbon atoms 
has three o bonds and one x bond, and is therefore sp? 
hybridized: 


ae 

C ‘O° 

NM H 
o ELS ^ 

S [^H 

NY aan! 

C3-C XC H 
H H 


Finally, each of the following five highlighted carbon 
atoms has two o bonds and two x bonds, and is therefore 
sp hybridized. 


H, 
C "Ot 
ls I 
X EN; -H 
\ V FH 
YO) H-C-CH~y 
/ 
c=>cec H 
H H 
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1.23. Carbon-carbon triple bonds generally have a shorter 
bond length than carbon-carbon double bonds, which are 
generally shorter than carbon-carbon single bonds (see 
Table 1.2). 


i 
H 
H  ~C¢—C=c—H 
\ / 
H C=C 
/ 
H—C AU H c c«b«a 
H H ais the longest bond 
and c is the shortest bond 
b 


1.24. 

(a) In this structure, the boron atom has four o bonds and 
no lone pairs, giving a total of four electron pairs (steric 
number = 4) VSEPR theory therefore predicts a 
tetrahedral arrangement of electron pairs. Since all of the 
electron pairs are bonds, the structure is expected to have 
tetrahedral geometry. 

(b) In this structure, the boron atom has three c bonds and 
no lone pairs, giving a total of three electron pairs (steric 
number = 3). VSEPR theory therefore predicts a trigonal 
planar geometry. 

(c) In this structure, the nitrogen atom has four o sigma 
bonds and no lone pairs, giving a total of four electron 
pairs (steric number — 4). VSEPR theory therefore 
predicts a tetrahedral arrangement of electron pairs. Since 
all ofthe electron pairs are bonds, the structure is expected 
to have tetrahedral geometry. 

(d) The carbon atom has four o bonds and no lone pairs, 
giving a total of four electron pairs (steric number — 4). 
VSEPR theory therefore predicts a tetrahedral 
arrangement of electron pairs. Since all of the electron 
pairs are bonds, the structure is expected to have 
tetrahedral geometry. 


1.25. In the carbocation, the carbon atom has three bonds 
and no lone pairs. Since there are a total of three electron 
pairs (steric number = 3), and all three are bonds, VSEPR 
theory predicts trigonal planar geometry, with bond 
angles of 120°. In contrast, the carbon atom of the 
carbanion has three bonds and one lone pair, giving a total 
of four electron pairs (steric number = 4). For this ion, 
VSEPR theory predicts a tetrahedral arrangement of 
electron pairs, with a lone pair positioned at one corner of 
the tetrahedron, giving rise to trigonal pyramidal 
geometry with bond angles approximately 107°. 


1.26. In ammonia, the nitrogen atom has three bonds and 
one lone pair. Therefore, VSEPR theory predicts trigonal 
pyramidal geometry, with bond angles of approximately 
107°. In the ammonium ion, the nitrogen atom has four 
bonds and no lone pairs, so VSEPR theory predicts 
tetrahedral geometry, with bond angles of 109.5°. 
Therefore, we predict that the bond angles will increase 
(by approximately 2.5°) as a result of the reaction. 


1.27. The silicon atom has four o bonds and no lone pairs, 
so the steric number is 4 (sp? hybridization), which means 


12 CHAPTER 1 


that the arrangement of electron pairs will be tetrahedral. 
With no lone pairs, the arrangement of the atoms 
(geometry) is the same as the electronic arrangement. It 
is tetrahedral. 

CH3 


I 
HsC—Si-OH 
CH3 


1.28. 

(a) This compound has three C-C1 bonds, each of which 
exhibits a dipole moment. To determine if these dipole 
moments cancel each other, we must identify the 
molecular geometry. The central carbon atom has four 
o bonds so we expect tetrahedral geometry. As such, the 
three polar C—Cl bonds do not lie in the same plane, and 
they do not completely cancel each other out. There is a 
net molecular dipole moment, as shown: 


O—I 


ve 


CI yi 
CI 
afl 


(b) The oxygen atom has two c bonds and two lone pairs 
(steric number = 4), and VSEPR theory predicts bent 
geometry. As such, the dipole moments associated with 
the polar C-O bonds do not fully cancel each other, and 
the dipole moments associated with the lone pairs also do 
not fully cancel each other. As a result, there is a net 
molecular dipole moment, as shown: 


"Ot 
Hiec Tch; 


(c) The nitrogen atom has three o bonds and one lone pair 
(steric number — 4), and VSEPR theory predicts trigonal 
pyramidal geometry (because one corner of the 
tetrahedron is occupied by a lone pair). As such, the 
dipole moments associated with the polar N-H bonds do 
not fully cancel each other, and there is also a dipole 
moment associated with the lone pair (pointing up). As a 
result, there is a net molecular dipole moment, as shown: 


d S H 


(d) The central carbon atom has four o bonds (steric 
number = 4), and VSEPR theory predicts tetrahedral 
geometry. There are individual dipole moments 
associated with each of the C—Cl bonds and each of the 
C-Br bonds. If all four dipole moments had the same 
magnitude, then we would expect them to completely 
cancel each other to give no molecular dipole moment (as 
in the case of CCl4. However, because Cl is more 
electronegative than Br, each C—Cl bond is more polar 
than each C-Br bond. Therefore, the dipole moments for 
the C-CI bonds are larger than the dipole moments of the 


C-Br bonds, and as such, there is a net molecular dipole 
moment, shown here: 


| 7 


eec 

\\ 

Br “ey 
Br 


(e) The oxygen atom has two o bonds and two lone pairs 
(steric number = 4), and VSEPR theory predicts bent 
geometry. As such, the dipole moments associated with 
the polar C—O bonds do not fully cancel each other, and 
the dipole moments associated with the lone pairs also do 
not fully cancel each other. As a result, there is a net 
molecular dipole moment, as shown: 


H H 
| 
H—¢" PCH 
H—C—C—H 
/ \ 

H H 


(£) There are individual dipole moments associated with 
each polar C—O bond and the lone pairs (as in the previous 
solution), but due to the symmetrical shape of the 
molecule in this case, they fully cancel each other to give 
no net molecular dipole moment. 


(g) Each C=0 bond has a strong dipole moment, and they 
do not fully cancel each other because they are not 
pointing in opposite directions. As such, there will be a 
net molecular dipole moment, as shown here: 


(h) Each C=O bond has a strong dipole moment, and in 
this case, they are pointing in opposite directions. As 
such, they fully cancel each other, giving no net molecular 
dipole moment. 


(i) Each C-CI bond has a dipole moment, and they do not 
fully cancel each other because the polar bonds are not 
pointing in opposite directions. As such, there will be a 
net molecular dipole moment, as shown here: 


:Cl: fi :Cl: 
Vt 7 
C=C 
/ \ 


(j) Each C-CI bond has a dipole moment, and in this 
case, they are pointing in opposite directions. As such, 
they fully cancel each other, giving no net molecular 
dipole moment. 


(k) Each C-Cl bond has a dipole moment, and they do 
not fully cancel each other because they are not pointing 


in opposite directions. As such, there will be a net 
molecular dipole moment, as shown here: 


Cl: H 

\ / 
H+ C=C 
/ \ 

iH 


(1) Each C-Cl bond has a dipole moment, but in this case, 
they fully cancel each other to give no net molecular 
dipole moment. 


1.29. Each of the C-O bonds has an individual dipole 
moment, shown here: 


To determine if these individual dipole moments fully 
cancel each other, we must determine the geometry 
around the oxygen atom. The oxygen atom has two o 
bonds and two lone pairs, giving rise to a bent geometry. 
As such, the dipole moments associated with the polar 
C-O bonds do NOT fully cancel each other, 


os 


Qu 


and the dipole moments associated with the lone pairs also 
do not fully cancel each other. As a result, there is a net 
molecular dipole moment, as shown: 


oo 


(a) Both compounds have the same molecular weight 
because they are isomers. The second compound is 
expected to have a higher boiling point, because it is less 
branched. The greater surface area in the second 
compound results in greater London dispersion forces and 
a higher boiling point (b.p.): 


beo d 
(b) The second compound is expected to have a higher 
boiling point, because more carbon atoms results in a 


higher molecular weight. Larger compounds have greater 
London dispersion forces and a higher boiling point (b.p.): 


G © 


higher b.p. 


POR IORI 
higher b.p. 
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(c) The second compound is expected to have a higher 
boiling point, because it has an O-H bond, which will lead 
to hydrogen-bonding interactions between molecules. 


higher b.p. 


(d) Both compounds have the same molecular weight 
because they are isomers, and they are both capable of 
forming hydrogen bonds. The first compound is expected 
to have a higher boiling point, however, because it is less 
branched. The greater surface area in the first compound 
results in greater London dispersion forces and a higher 


boiling point (b.p.): 
PES 


1.31. Compound 3 is expected to have a higher boiling 
point than compound 4, because only compound 3 has an 
O-H group. Compound 4 does not form hydrogen-bonds, 
so it will have a lower boiling point. When this mixture is 
heated, the lower boiling compound (4) can be collected 
first, leaving behind compound 3. 


Bio oes 
O 


3 


A07 oH 
higher b.p. 


1.32. 

(a) Thecarbon atoms are tetravalent, while the chlorine 
atom and hydrogen atoms are all monovalent. The atoms 
with more than one bond (in this case, the two carbon 
atoms) should be drawn in the center of the compound. 
The chlorine atom and hydrogen atoms are then placed at 
the periphery (ensuring that each carbon atom has a total 
of four bonds), as shown: 


jai 
H-c-6-C 
H H 


The chlorine atom can be placed in any one of the six 
available positions. The following six drawings all 
represent the same compound, in which the two carbon 
atoms are connected to each other, and the chlorine atom 
is connected to one of the carbon atoms. 


1d ie ia 
H-¢—E—cl H-Ç-Ç-H H-6-C-H 

H H H H H H 

H H H H H H 
ci-6-6-H H-6-6-H H-6-6-H 

H H CI H H Cl 
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(b) The carbon atoms are tetravalent, while the chlorine 
atoms and hydrogen atoms are all monovalent. The atoms 
with more than one bond (in this case, the two carbon 
atoms) should be drawn in the center of the compound. 
The chlorine atoms and hydrogen atoms are then placed 
at the periphery, and there are two different ways to do 
this. The two chlorine atoms can either be connected to 
the same carbon atom or to different carbon atoms, as 
shown. 


1d os 
ci-6-c-c|  H-6-G-0l 
H H H H 


(c) The carbon atoms are tetravalent, while the chlorine 
atoms and hydrogen atoms are all monovalent. The atoms 
with more than one bond (in this case, the two carbon 
atoms) should be drawn in the center of the compound. 
The chlorine atoms and hydrogen atoms are then placed 
at the periphery, and there are two different ways to do 
this. One way is to connect all three chlorine atoms to the 
same carbon atom. Alternatively, we can connect two 
chlorine atoms to one carbon atom, and then connect the 
third chlorine atom to the other carbon atom, as shown 
here: 


oe je 
H-c-e-0 — ci-é-c-ol 
H Cl H H 


(d) The carbon atoms are tetravalent, and the hydrogen 
atoms are all monovalent. Any atoms with more than one 
bond (in this case, the six carbon atoms) should be drawn 
in the center of the compound, with the hydrogen atoms 
at the periphery. There are five different ways to connect 
six carbon atoms, which we will organize based on the 
length of the longest chain. 


In a 6-carbon chain: 


In a 5-carbon chain: 


l i 
C—6—0—6-—6G C=C- CFCC 
1 2 3 4 5 1 2 3 4 5 
In a 4-carbon chain: 
i io 
C—0—C-C C—Cc—Cc-C 
1 a 3 4 4* um rm 


Finally, we complete all of the structures by drawing the 
bonds to hydrogen atoms (ensuring that each carbon atom 
has a total of four bonds). There are a total of five isomers: 


1 
H—C—H 
H H H H 
H | | | | 
| xm 
Dm HH H HH 
1 DUET 
H—C C C C —H 
Lr og H 
H H H H H | 
H—C—H 
i M V. 
TD XME oe we 
H H H H H | H 
| | | H—C—H 
H—C C C —C—H | 
| Fo d H 
H H H 
H—C—H 
H 
1.33. 
(a) According to Table 1.1, the difference in 


electronegativity between Br and H is 2.8 — 2.1 = 0.7, so 
an H-Br bond is expected to be polar covalent. Since 
bromine is more electronegative than hydrogen, the Br 
will be electron-rich (8—), and the H will be electron-poor 
(5+), as shown below: 


è+ è- 
H— Br 


(b) According to Table 1.1, the difference in 
electronegativity between Cl and H is 3.0 — 2.1 — 0.9, so 
an H-Cl bond is expected to be polar covalent. Since 
chlorine is more electronegative than hydrogen, the Cl 
will be electron-rich (8—), and the H will be electron-poor 
(5+), as shown below: 


à ô- 
H—Cl 
(c) According to Table 1.1, the difference in 


electronegativity between O and H is 3.5 — 2.1 = 1.4, so 
an O-H bond is expected to be polar covalent. Oxygen is 
more electronegative than hydrogen, so for each O-H 
bond, the O will be electron-rich (6—) and the H will be 
electron-poor (5+), as shown below: 


ô- 
^h pom TE 


(d) According to Table 1.1, oxygen (3.5) is more 
electronegative than carbon (2.5) or hydrogen (2.1), and a 
C-O or H-O bond is polar covalent. For each C—O or 
H-O bond, the O will be electron-rich (8—), and the C or 
H will be electron-poor (5+), as shown below: 


| 

5 S808 

H=G—O-H 
H 


1.34. 

(a) The difference in electronegativity between Na (0.9) 
and Br (2.8) is greater than the difference in 
electronegativity between H (2.1) and Br (2.8). Therefore, 
NaBr is expected to have more ionic character than HBr. 


(b) The difference in electronegativity between F (4.0) 
and Cl (3.0) is greater than the difference in 
electronegativity between Br (2.8) and Cl (3.0). 
Therefore, FCI is expected to have more ionic character 
than BrCl. 


1.35. 

(a) Each carbon atom has four valence electrons, the 
oxygen atom has six valence electrons, and each hydrogen 
atom has one valence electron. In this case, the 
information provided in the problem statement 
(CH3CH20H) indicates how the atoms are connected to 
each other: 


(b) Each carbon atom has four valence electrons, the 
nitrogen atom has five valence electrons, and each 
hydrogen atom has one valence electron. In this case, the 
information provided in the problem statement (CH3CN) 
indicates how the atoms are connected to each other: 


H 
H CC N ———- H:C:C N 
H 


The unpaired electrons are then paired up to give a triple 
bond. In this way, each of the atoms achieves an octet. 


H: 


TITO 


ARE ds 
GEN: : 


TIE 
O 
z 


1.36. Each of the carbon atoms has four valence electrons; 
the nitrogen atom has five valence electrons, and each of 
the hydrogen atoms has one valence electron. We begin 
by connecting the atoms that have more than one bond (in 
this case, the four carbon atoms and the nitrogen atom). 
The problem statement indicates how we should connect 
them: 


Then, we connect all ofthe hydrogen atoms (ensuring that 
each carbon atom has four bonds), as shown. 
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The nitrogen atom has three o bonds and one lone pair, so 
the steric number is 4, which means that the arrangement 
of electron pairs is expected to be tetrahedral. One corner 
of the tetrahedron is occupied by a lone pair, so the 
geometry of the nitrogen atom (the arrangement of atoms 
around that nitrogen atom) is trigonal pyramidal. As such, 
the individual dipole moments associated with the C-N 
bonds do not fully cancel each other, and there is also a 
dipole moment associated with the lone pair (pointing up). 
As a result, there is a net molecular dipole moment, as 
shown: 


H . 

HAN H H 
Cc" xw I 
gea CE 
POOLE 
ü H H H 


1.37. Bromine is in group 7A of the periodic table, so 
each bromine atom has seven valence electrons. 
Aluminum is in group 3A of the periodic table, so 
aluminum is supposed to have three valence electrons, but 
the structure bears a negative charge, which means that 
there is one extra electron. That is, the aluminum atom 
has four valence electrons, rather than three, which is why 
it has a formal negative charge. This gives the following 
Lewis structure: 


: Br: . © 
t2 e JD 
: Bre “Ae ‘Br: — :Br: ALS Br: 
> Br: 


The aluminum atom has four bonds and no lone pairs, so 
the steric number is 4, which means that this aluminum 
atom will have tetrahedral geometry. 


1.38. The molecular formula of cyclopropane is C3He, so 
we are looking for a different compound that has the same 
molecular formula, C3He. That is, we need to find another 
way to connect the carbon atoms, other than in a ring 
(there is only one way to connect three carbon atoms in a 
ring, so we must be looking for something other than a 
ring). If we connect the three carbon atoms in a linear 
fashion and then complete the drawing by placing 
hydrogen atoms at the periphery, we notice that the 
molecular formula (C3Hs) is not correct: 


[UN 
iR d 
H H H 


C3Hg 
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We are looking for a structure with the molecular formula 
C3H6. If we remove two hydrogen atoms from our 
drawing, we are left with two unpaired electrons, 
indicating that we should consider drawing a double bond: 


H HH . H 
| M 2 | AA 
Weg E TER 
H H H H H H 
H, UH 
ues "i 
c=c 
/ 
H H 
C3Hg 


The structure of this compound (called propylene) is 
different from the structure of cyclopropane, but both 
compounds share the same molecular formula, so they are 
constitutional isomers. 


1.39. 

(a) C-H bonds are considered to be nonpolar, although 
they do have a very small dipole moment, because there 
is a small difference in electronegativity between carbon 
(2.5) and hydrogen (2.1). With no polar bonds present, 
the molecule does not have a molecular dipole moment. 


(b) The nitrogen atom has trigonal pyramidal geometry. 
As such, the dipole moments associated with the polar N— 
H bonds do not fully cancel each other, and there is also a 
dipole moment associated with the lone pair (pointing up). 
As a result, there is a net molecular dipole moment, as 
shown: 


UN 
"DH 


(c) The oxygen atom has two o bonds and two lone pairs 
(steric number — 4), and VSEPR predicts bent geometry. 
As such, the dipole moments associated with the polar O— 
H bonds do not cancel each other, and the dipole moments 
associated with the lone pairs also do not fully cancel each 
other. As a result, there is a net molecular dipole moment, 
as shown: 


(d) The central carbon atom of carbon dioxide (CO2) has 
two c bonds and no lone pairs, so it is sp hybridized and 
is expected to have linear geometry. Each C=O bond has 
a strong dipole moment, but in this case, they are pointing 
in opposite directions. As such, they fully cancel each 
other, giving no net molecular dipole moment. 


(e) Carbon tetrachloride (CCl4) has four C-Cl bonds, each 
of which exhibits a dipole moment. However, the central 
carbon atom has four o bonds so it is expected to have 
tetrahedral geometry. As such, the four dipole moments 


completely cancel each other out, and there is no net 
molecular dipole moment. 


(f) This compound has two C-Br bonds, each of which 
exhibits a dipole moment. To determine if these dipole 
moments cancel each other, we must identify the 
molecular geometry. The central carbon atom has four 
o bonds so it is expected to have tetrahedral geometry. As 
such, the polar C-Br bonds do not completely cancel each 
other out. There is a net molecular dipole moment, as 
shown: 


1.40. 

(a) As indicated in Figure 1.10, a neutral oxygen atom has 
two Zs electrons, two 2s electrons, and four 2p electrons. 
(b) As indicated in Figure 1.10, a neutral fluorine atom 
has two /s electrons, two 2s electrons, and five 2p 
electrons. 

(c) As indicated in Figure 1.10, a neutral carbon atom has 
two Zs electrons, two 2s electrons, and two 2p electrons. 
(d) As seen in SkillBuilder 1.6, the electron configuration 
of a neutral nitrogen atom is 15725225? 

(e) This is the electron configuration of a neutral chlorine 
atom. 


1.41. 
(a) The difference in electronegativity between sodium 
(0.9) and bromine (2.8) is 2.8 — 0.9 = 1.9. Since this 
difference is greater than 1.7, the bond is classified as 
ionic. 


(b) The difference in electronegativity between sodium 
(0.9) and oxygen (3.5) is 3.5 — 0.9 = 2.6. Since this 
difference is greater than 1.7, the Na—O bond is classified 
as ionic. In contrast, the O-H bond is polar covalent, 
because the difference in electronegativity between 
oxygen (3.5) and hydrogen (2.1) is less than 1.7 but more 
than 0.5. 


(c) Each C-H bond is considered to be covalent, because 
the difference in electronegativity between carbon (2.5) 
and hydrogen (2.1) is less than 0.5. 

The C—O bond is polar covalent, because the difference in 
electronegativity between oxygen (3.5) and carbon (2.5) 
is less than 1.7 but more than 0.5. 

The Na-O bond is classified as ionic, because the 
difference in electronegativity between oxygen (3.5) and 
sodium (0.9) is greater than 1.7. 


(d) Each C-H bond is considered to be covalent, because 
the difference in electronegativity between carbon (2.5) 
and hydrogen (2.1) is less than 0.5. 

The C—O bond is polar covalent, because the difference in 
electronegativity between oxygen (3.5) and carbon (2.5) 
is less than 1.7 but more than 0.5. 


The O-H bond is polar covalent, because the difference in 
electronegativity between oxygen (3.5) and hydrogen 
(2.1) is less than 1.7 but more than 0.5. 


(e) Each C-H bond is considered to be covalent, because 
the difference in electronegativity between carbon (2.5) 
and hydrogen (2.1) is less than 0.5. 

The C=O bond is polar covalent, because the difference in 
electronegativity between oxygen (3.5) and carbon (2.5) 
is less than 1.7 but more than 0.5. 


1.42. 
(a) Begin by determining the valency of each atom in the 
compound. The carbon atoms are tetravalent, the oxygen 
atom is divalent, and the hydrogen atoms are all 
monovalent. Any atoms with more than one bond (in this 
case, the two carbon atoms and the oxygen atom) should 
be drawn in the center of the compound, with the 
hydrogen atoms at the periphery. There are two different 
ways to connect two carbon atoms and an oxygen atom, 
shown here: 

C—C-O C-cO-C 
We then complete both structures by drawing the 
remaining bonds to hydrogen atoms (ensuring that each 
carbon atom has four bonds, and each oxygen atom has 
two bonds): 


B PR 
H—-G—C—O-H H—-6-0-C—-H 
H H H 


(b) Begin by determining the valency of each atom in the 
compound. The carbon atoms are tetravalent, the oxygen 
atoms are divalent, and the hydrogen atoms are all 
monovalent. Any atoms with more than one bond (in this 
case, the two carbon atoms and the two oxygen atoms) 
should be drawn in the center of the compound, with the 
hydrogen atoms at the periphery. There are several 
different ways to connect two carbon atoms and two 
oxygen atoms (highlighted, for clarity of comparison), 
shown here: 


C—C-c-0-0O C-cO0-0-C 


C—0-C-O O-C-—C-«O 


We then complete all of these structures by drawing the 
remaining bonds to hydrogen atoms: 
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i i 1 1 
H-C-6-30HO-H — H-6-0XO-C-H 
H H H H 

m uM 
H—-C-0-C-O0-H . H-O-6C—6-0-H 


(c) The carbon atoms are tetravalent, while the bromine 
atoms and hydrogen atoms are all monovalent. The atoms 
with more than one bond (in this case, the two carbon 
atoms) should be drawn in the center of the compound. 
The bromine atoms and hydrogen atoms are then placed 
at the periphery, and there are two different ways to do 
this. The two bromine atoms can either be connected to 
the same carbon atom or to different carbon atoms, as 
shown. 


it ja 
Br—C—C— Br H-¢—C—Br 
H H 


1.43. 

(a) Oxygen is more electronegative than carbon, and the 
withdrawal of electron density toward oxygen can be 
indicated with the following arrow: 


-— 
C-O 


(b) Carbon is more electronegative than magnesium, and 
the withdrawal of electron density toward carbon can be 
indicated with the following arrow: 


<+ 
C—Mg 


(c) Nitrogen is more electronegative than carbon, and the 
withdrawal of electron density toward nitrogen can be 
indicated with the following arrow: 


—— 
C—N 


(d) Carbon is more electronegative than lithium, and the 
withdrawal of electron density toward carbon can be 
indicated with the following arrow: 


+ 
C-Li 
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(e) Chlorine is more electronegative than carbon, and the 
withdrawal of electron density toward chlorine can be 
indicated with the following arrow: 


— 
$01 


(f) Carbon is more electronegative than silicon, and the 
withdrawal of electron density toward carbon can be 
indicated with the following arrow: 


—- 
C-$i 


(g) Oxygen is more electronegative than hydrogen, and 
the withdrawal of electron density toward oxygen can be 
indicated with the following arrow: 


al 
O-H 


(h) Nitrogen is more electronegative than hydrogen, and 
the withdrawal of electron density toward nitrogen can be 
indicated with the following arrow: 


1 
I 


1.44. 

(a) The oxygen atom has two o bonds and two lone pairs 
(steric number = 4), and VSEPR theory predicts bent 
geometry. The C-O-H bond angle is expected to be 
approximately 105°, and all other bonds angles are 
expected to be approximately 109.5° (because each carbon 
atom has four o bonds and tetrahedral geometry). 


(b) The central carbon atom has three o bonds and no lone 
pairs (steric number = 3), and VSEPR theory predicts 
trigonal planar geometry. As such, all bond angles are 
approximately 120°. 


(c) Each of the carbon atoms has three o bonds and no 
lone pairs (steric number = 3), and VSEPR theory predicts 
trigonal planar geometry. As such, all bond angles are 
approximately 120°. 


H H 
\ / 
C=È 
/ \ 

H H 


(d) Each of the carbon atoms has two c bonds and no lone 
pairs (steric number = 2), and VSEPR theory predicts 
linear geometry. As such, all bond angles are 180°. 


H—CZC-H 


(e) The oxygen atom has two o bonds and two lone pairs 
(steric number = 4), and VSEPR theory predicts bent 
geometry. Therefore, the C-O-C bond angle is expected 
to be around 105?. The remaining bond angles are all 
expected to be approximately 109.5? (because each carbon 
atom has four o bonds and tetrahedral geometry). 


(f) The nitrogen atom has three c bonds and one lone pair 
(steric number = 4), and VSEPR theory predicts trigonal 
pyramidal geometry, with bond angles of 107°. The 
carbon atom is also tetrahedral (because it has four 
o bonds), although the bond angles around the carbon 
atom are expected to be approximately 109.5°. 


(g) Each of the carbon atoms has four o bonds (steric 
number = 4), so each of these carbon atoms has tetrahedral 
geometry. Therefore, all bond angles are expected to be 
approximately 109.5°. 


(h) The structure of acetonitrile (CH3CN) is shown below 
(see the solution to Problem 1.35b). 


One of the carbon atoms has four o bonds (steric number 
= 4), and is expected to have tetrahedral geometry. The 
other carbon atom (connected to nitrogen) has two 
o bonds and no lone pairs (steric number = 2), so we 
expect linear geometry. 

As such, the C-C=N bond angle is 180°, and all other bond 
angles are approximately 109.5°. 


1.45. 

(a) The nitrogen atom has three o bonds and one lone pair 
(steric number = 4). It is sp? hybridized (electronically 
tetrahedral), with trigonal pyramidal geometry (because 
one corner of the tetrahedron is occupied by a lone pair). 


(b) The boron atom has three o bonds and no lone pairs 
(steric number = 3). It is sp? hybridized, with trigonal 
planar geometry. 


(c) This carbon atom has three o bonds and no lone pairs 
(steric number = 3). It is sp? hybridized, with trigonal 
planar geometry. 


(d) This carbon atom has three o bonds and one lone pair 
(steric number = 4). It is sp? hybridized (electronically 


tetrahedral), with trigonal pyramidal geometry (because 
one corner of the tetrahedron is occupied by a lone pair). 


1.46. 

(a) Each corner and each endpoint represents a carbon 
atom (highlighted), so this compound has nine carbon 
atoms. Each carbon atom will have enough hydrogen 
atoms to have exactly four bonds, as shown. 


O OH k =e H H 
| "C NA 
fe) Dee Ure ea de 
W^ i i 
O üc er y OQ. 


(b) Each corner and each endpoint represents a carbon 
atom (highlighted below), so this compound has eight 
carbon atoms. Each carbon atom will have enough 
hydrogen atoms to have exactly four bonds, as shown. 


H H H HH 
| l | N/ 
"Sg D E EET 
x ! l ! 
Í J fe) CLC „O. 
HO HOW bd Su 
H 


(c) Each corner and each endpoint represents a carbon 
atom (highlighted below), so this compound has eight 
carbon atoms. Each carbon atom will have enough 
hydrogen atoms to have exactly four bonds, as shown. 


IN 
à su 
/ ET p 
D N vr Cy N: 
N p^ UNE Sere 
tf Db = | d OCH 
7 NM NA 
Oo N N "p^ "SN `N, 
| oe | * 
c 
H^I^H 
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1.47. Each corner and each endpoint represents a carbon 
atom, so this compound has fifteen carbon atoms. Each 
carbon atom will have enough hydrogen atoms to have 
exactly four bonds, giving a total of eighteen hydrogen 
atoms, as shown here: 
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1.48. The double bond represents one o bond and one x 
bond, while the triple bond represents one o bond and two 
mt bonds. All single bonds are o bonds. Therefore, this 
compound has sixteen o bonds and three x bonds. 


| | 
Dp ik 
H H H H H 


1.49. 

(a) The second compound is expected to have a higher 
boiling point, because it has an O-H bond, which will lead 
to hydrogen bonding interactions. 


(b) The second compound is expected to have a higher 
boiling point, because it has more carbon atoms, and thus 
a higher molecular weight and more opportunity for 
London dispersion forces. 


(c) The first compound has a C=O bond, which has a 
strong dipole moment, while the second compound is 
nonpolar. The first compound is therefore expected to 
exhibit strong dipole-dipole interactions and to have a 
higher boiling point than the second compound. 


1.50. 
(a) This compound possesses an O-H bond, so it is 
expected to exhibit hydrogen bonding interactions. 


(b) This compound lacks a hydrogen atom that is 
connected to an oxygen or nitrogen atom. Therefore, this 
compound cannot serve as a hydrogen-bond donor 
(although the lone pairs can serve as hydrogen-bond 
acceptors, in the presence of a hydrogen-bond donor). As 
a pure compound, we do not expect there to be any 
hydrogen bonding interactions. 


(c) This compound lacks a hydrogen atom that is 
connected to an oxygen or nitrogen atom. Therefore, this 
compound will not exhibit hydrogen bonding interactions. 


(d) This compound lacks a hydrogen atom that is 
connected to an oxygen or nitrogen atom . Therefore, this 
compound will not exhibit hydrogen bonding interactions. 


H—CZC-H 
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(e) This compound lacks a hydrogen atom that is 
connected to an oxygen or nitrogen atom. Therefore, this 
compound cannot serve as a hydrogen-bond donor 
(although the lone pairs can serve as hydrogen-bond 
acceptors, in the presence of a hydrogen-bond donor). As 
a pure compound, we do not expect there to be any 
hydrogen bonding interactions. 


ree 
H—C—O-C-H 
H H 


(f) This compound possesses two N-H bonds, so it is 
expected to exhibit hydrogen bonding interactions. 


(g) This compound lacks a hydrogen atom that is 
connected to an oxygen or nitrogen atom. Therefore, this 
compound will not exhibit hydrogen bonding interactions. 


tld 
RR 


(h) This compound possesses N-H bonds, so it is expected 
to exhibit hydrogen bonding interactions. 


H—N—-H 
H 


1.51. 

(a) Boron is in group 3A of the periodic table, and 
therefore has three valence electrons. It can use each of 
its valence electrons to form a bond, so we expect the 
molecular formula to be BH3 (x=3). 


(b) Carbon is in group 4A of the periodic table, and 
therefore has four valence electrons. It can use each of its 
valence electrons to form a bond, so we expect the 
molecular formula to be CH4 (x=4). 


(c) Nitrogen is in group 5A of the periodic table, and 
therefore has five valence electrons. But it cannot form 
five bonds, because it only has four orbitals with which to 
form bonds. One of those orbitals must be occupied by a 
lone pair (two electrons), and each of the remaining three 
electrons is available to form a bond. Nitrogen is 
therefore trivalent, and we expect the molecular formula 
to be NH3 (x23). 


(d) Carbon is in group 4A of the periodic table, and 
therefore has four valence electrons. It can use each of its 
valence electrons to form a bond, and indeed, we expect 
the carbon atom to have four bonds. Two of the bonds are 
with hydrogen atoms, so the other two bonds must be with 
chlorine atoms. The molecular formula is CH2Cl2 (x=2). 


1.52. 

(a) Each of the highlighted carbon atoms has three 
o bonds and no lone pairs (steric number = 3). Each of 
these carbon atoms is sp? hybridized, with trigonal planar 
geometry. Each of the other four carbon atoms has two 
o bonds and no lone pairs (steric number = 2). Those four 
carbon atoms are all sp hybridized, with linear geometry. 


(b) The highlighted carbon atom has three o bonds and no 
lone pairs (steric number = 3). This carbon atom is sp? 
hybridized, with trigonal planar geometry. Each of the 
other three carbon atoms has four o bonds (steric number 
— 4). Those three carbon atoms are all sp? hybridized, 
with tetrahedral geometry. 


at 


1.53. Each of the highlighted carbon atoms has four 
o bonds (steric number = 4), and is sp? hybridized, with 
tetrahedral geometry. Each of the other fourteen carbon 
atoms in this structure has three o bonds and no lone pairs 
(steric number = 3). Each of these fourteen carbon atoms 
is sp? hybridized, with trigonal planar geometry. 


H HH 
H ve = H 
Ld ea Ps Bs bby 
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H*N, / g AR 
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1.54. 
(a) Oxygen is the most electronegative atom in this 
compound. See Table 1.1 for electronegativity values. 


(b) Fluorine is the most electronegative atom. See Table 
1.1 for electronegativity values. 


(c) Carbon is the most electronegative atom in this 
compound. See Table 1.1 for electronegativity values. 


1.55. The highlighted nitrogen atom has two o bonds and 
one lone pair (steric number — 3). This nitrogen atom is 
sp? hybridized. It is electronically trigonal planar, but one 
of the sp? hybridized orbitals is occupied by a lone pair, 
so the geometry (arrangement of atoms) is bent. The other 
nitrogen atom (not highlighted) has three c bonds and a 
lone pair (steric number — 4). That nitrogen atom is sp? 


hybridized and electronically tetrahedral. One corner of 
the tetrahedron is occupied by a lone pair, so the geometry 
(arrangement of atoms) is trigonal pyramidal. 


sp”, bent 
sp 


trigonal pyramidal 


3 


1.56. Each of the nitrogen atoms in caffeine achieves an 
octet with three bonds and one lone pair, while each 
oxygen atom in this structure achieves an octet with two 
bonds and two lone pairs, as shown: 


O 6H 
HC... N: 
N 

Parle, 
CH; 
1.57. As seen in Section 1.2, the following two 
compounds have the molecular formula C2H60. 


WE jut 
H-0-0-6-H H-0—-C-0-H 
H H H H 


The second compound will have a higher boiling point 
because it possesses an OH group which can exhibit 
hydrogen bonding interactions. 


1.58. 

(a) Each C-Cl bond has a dipole moment, and the two 
dipole moments do not fully cancel each other because the 
polar bonds are not pointing in opposite directions. As 
such, there will be a net molecular dipole moment, as 


shown here: 
Cl oe 


à 


(b) Each C-Cl bond has a dipole moment, and the two 
dipole moments do not fully cancel each other because the 
polar bonds are not pointing in opposite directions. As 
such, there will be a net molecular dipole moment, as 
shown here: 


e 


x7 


e 
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(c) Each C-CI bond has a dipole moment, and in this case, 
the two dipole moments are pointing in opposite 
directions. As such, they fully cancel each other, giving 
no net molecular dipole moment. 


(d) The C-CI bond has a dipole moment, and the C-Br 
bond also has a dipole moment. These two dipole 
moments are in opposite directions, but they do not have 
the same magnitude. The C-Cl bond has a larger dipole 
moment than the C-Br bond, because chlorine is more 
electronegative than bromine. Therefore, there will be a 
net molecular dipole moment, as shown here: 


Cl: 


T 


1.59. The C-CI bond in chloroform partially cancels the 
dipole moments of the other two C-C1 bonds, thereby 
reducing the molecular dipole moment relative to 
methylene chloride. 


1.60. CHCI; is expected to have a larger molecular dipole 
moment than CBrCl3, because the bromine atom in 
CBrCls serves to partially cancel out the dipole moments 
of the three C—Cl bonds (as is the case for CCla). 


1.61. The carbon atom of O=C=O has two o bonds and 
no lone pairs (steric number = 2) and VSEPR theory 
predicts linear geometry. As a result, the individual dipole 
moments of each C=O bond cancel each other completely 
to give no overall molecular dipole moment. In contrast, 
the sulfur atom in SO» has a steric number of three 
(because it also has a lone pair, in addition to the two S=O 
bonds), which means that it has bent geometry. As a 
result, the individual dipole moments of each S=O bond 
do NOT cancel each other completely, and the molecule 
does have a molecular dipole moment. 


1.62. Two compounds possess OH groups. These two 
compounds will have the highest boiling points, because 
they can form hydrogen bonds. Among these two 
compounds, the one with more carbon atoms (six) will be 
higher boiling than the one with fewer carbon atoms 
(four), because the higher molecular weight results in 
greater London dispersion forces. The remaining three 
compounds all have equal molecular weights (five carbon 
atoms) and lack an OH group. The difference between 
these three compounds is the extent of branching. Among 
these three compounds, the compound with the greatest 
extent of branching has smallest surface area and therefore 
the lowest boiling point, and the one with the least 
branching has the highest boiling point. 
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1.63. The correct answer is (a). We must first draw the 
structure of HCN. To draw a Lewis structure, we begin 
by counting the valence electrons (hydrogen has one 
valence electron, carbon has four valence electrons, and 
nitrogen has five valence electrons, for a total of ten 
valence electrons). The structure must have ten valence 
electrons (no more and no less). Carbon should have four 
bonds, and it can only form a single bond with the 
hydrogen atom, so there must be a triple bond between 
carbon and nitrogen: 


H—CZN: 


The single bond accounts for two electrons, and the triple 
bonds accounts for another six electrons. The remaining 
two electrons must be a lone pair on nitrogen. This 
accounts for all ten valence electrons, and it gives all 
atoms an octet. 

Since the carbon atom has a triple bond, it must be sp 
hybridized, with linear geometry. 


1.64. The molecular formula of cyclobutane is CaHs. Of 
the four structures shown, only structure (c) has the same 
molecular formula (C4Hs). 


1.65. The correct answer is (b). Each ofthe structures has 
two carbon atoms and one oxygen atom. However, only 
the second structure has an OH group. This compound 
will have an elevated boiling point, relative to the other 
three structures, because of hydrogen bonding. 


1.66. The first statement (a) is the correct answer, because 
an oxygen atom has a negative charge, and the nitrogen 
atom has a positive charge, as shown here: 


H H'O 
| ^k be 

H^N-C-6-6: 
H H 


1.67. The correct answer is (d). Carbon-carbon o bonds 
are formed by overlapping hybridized orbitals, so we must 
determine the hybridization of both carbon atoms 
(highlighted below). The carbon on the left has four o 


bonds, so it is sp?-hybridized, and the carbon on the right 
has three o bonds, so it is sp?-hybridized. The indicated 
o bond results from the overlap of one sp? hybridized 
orbital (from the carbon atom on the left), and one sp? 
hybridized orbital (from the carbon atom on the right). 


x ch 
H-GIHCIC-H 


we H S 


1.68. The correct answer is (c). An atom with a trigonal 
planar arrangement of bonds has a bond angle of 120°, the 
largest bond angle among the choices listed. A tetrahedral 
arrangement of bonds corresponds to an angle of 109.5°, 
while trigonal pyramidal and bent geometries typically 
have bond angles that are slightly smaller than 109.5?. 


sp? 


- 109.5? NL Pan 

N E n» N <S bena 
<109° <109° 

trigonal planar tetrahedral pyramidal bent 


1.69. The correct answer is (c). There are 13 o bonds in 
the given compound (highlighted in bold below). All of 
the single bonds are o bonds, and the double bond is 
comprised of one o bond and one x bond. 


1.70. The correct answer is (b). Each C-CI bond in Y has 
a dipole moment, and compound Y has a molecular dipole 
moment. Each C-Cl bond in X also has a dipole moment, 
but in this case, the two polar bonds are pointing in 
opposite directions. As such, the dipole moments fully 
cancel each other, giving no net molecular dipole moment 
for compound X. The polar isomer (Y) has more 
significant dipole-dipole attractions between molecules 
and, therefore, has a higher boiling point than the nonpolar 
isomer (X). 


H fo H 
\ / \ / 
C=C C=C 
/ \ / \ 
eif H CI i CI 
X has no Y hasa 
net dipole net dipole 


1.71. The correct answer is (b). In the bond-line drawing, 
each corner and each endpoint represents a carbon atom, 
so this compound has three carbon atoms (highlighted 
below). Each carbon atom will have enough hydrogen 
atoms to have exactly four bonds. Together with the 
hydrogen atom that is connected to the oxygen atom, there 
are a total of six hydrogen atoms, as shown below: 


hi " 
\ 
OH = C—C—0-—H 
H—C H 
N 
H 


1.72. The correct answer is (d). In the bond-line drawing, 
each corner represents a carbon atom (highlighted below), 
so this compound has nine carbon atoms. Each double 
bond is comprised of one o bond and one z bond, so there 
are five x bonds (in bold below). 


SN SNH 
pA L 
1.73. 


(a) Compounds A and B share the same molecular 
formula (C4HoN) but differ in their constitution 
(connectivity of atoms), and they are therefore 
constitutional isomers. 


(b) The nitrogen atom in compound B has three c bonds 
and one lone pair (steric number — 4). It is sp? hybridized 
(electronically tetrahedral), with trigonal pyramidal 
geometry (because one comer of the tetrahedron is 
occupied by a lone pair). 


(c) A double bond represents one c bond and one z bond, 
while a triple bond represents one o bond and two m 
bonds. A single bond represents a o bond. With this in 
mind, compound B has 14 o bonds, as compared with 
compounds A and C, which have 13 and 11 o bonds, 
respectively. 


(d) As explained in the solution to part (c), compound C 
has the fewest o bonds. 


(e) A double bond represents one c bond and one z bond, 
while a triple bond represents one o bond and two mx 
bonds. As such, compound C exhibits two x bonds. 


(f) Compound A has a C=N bond, in which the carbon 
atom has three o bonds and no lone pairs (steric number 
= 3). It is sp? hybridized. 


(g) Each of the carbon atoms in compound B is sp? 
hybridized with four o bonds (steric number = 4). 
Similarly, the nitrogen atom in compound B has three 
o bonds and one lone pair (steric number = 4). This 
nitrogen atom is also sp? hybridized. 


(h) Compound A has an N-H bond, and is therefore 
expected to form hydrogen bonding interactions. 
Compounds B and C do not contain an N-H bond, so 
compound A is expected to have the highest boiling point. 


1.74. 
(a) In each of the following two compounds, all of the 
carbon atoms are sp? hybridized (each carbon atom has 
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three o bonds and one x bond). There are certainly many 
other possible compounds for which all of the carbon 
atoms are sp? hybridized. 


i 
H C H H H HH 
Ed `< i | 
(e Cx LH 
2YD>. 77> ~ 
SERS ode: eer cul 
H C H | | | 


(b) In each of the following two compounds, all of the 
carbon atoms are sp? hybridized (because each carbon 
atom has four o bonds) with the exception of the carbon 
atom connected to the nitrogen atom. That carbon atom 
has two o bonds and is therefore sp hybridized. There are 
certainly many other acceptable answers. 


Ttg 
H—6—6—6—6—C-CZN 
WEM 
H H H HH N 
T ee 
Fou eer 
H HHHH 


(c) In each of the following two compounds, there is a 
ring, and all of the carbon atoms are sp? hybridized 
(because each carbon atom has four o bonds). There are 
certainly many other acceptable answers. 


H H H 
H VH H H | H 
AC. I HOM I 
H-C C—H NOBIT 
H-6 -H VES RN 
d 26 x Hae oH 
H H H H 


(d) In each of the following two compounds, all of the 
carbon atoms are sp hybridized (because each carbon atom 
has two c bonds) There are certainly many other 
acceptable answers. 


N=C—-C=C—C=C—C=N 


F—C=C—C=C—C=C—F 


1.75. In each of the following two compounds, the 
molecular formula is C4HioNo, there is a ring (as 
suggested in the hint given in the problem statement), 
there are no x bonds, there is no net dipole moment, and 
there is an N-H bond, which enables hydrogen bonding 
interactions. 


H H H | 
w l AN 
Hy ZN ^N. H—C = 
H. CC. CL HH | | 
Nl `o CH H-C - 
| EN PONT A 
H H H H Și H 
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1.76. If we try to draw a linear skeleton with five carbon 
atoms and one nitrogen atom, we find that the number of 
hydrogen atoms is not correct (there are thirteen, rather 
than eleven): 


CsH43N 


This will be the case even if try to draw a branched 
skeleton: 


1 
H—C—H 
H H 
| | | P 
H— CAE NE N 
H | d H 
H—C—H 
H CsH43N 


In fact, regardless of how the skeleton is branched, it will 
still have thirteen hydrogen atoms. But we need to draw 
a structure with only eleven hydrogen atoms (CsH11N). 
So we must remove two hydrogen atoms, which gives two 
unpaired electrons: 


(RON 
ix cq mi 


prp ees 
AAA AA H 


CsH43N 
HHS 
/ 
H—C—C—C-—C-—C-—N 
AL che | | | M 
li Ili H HH H 
unpaired CsH iN 
electrons 


This indicates that we should consider pairing these 
electrons as a double bond. However, the problem 
statement specifically indicates that the structure cannot 
contain a double bond. So, we must find another way to 
pair the unpaired electrons. Let's consider forming a ring 
instead of a double bond: 

i" H H " H H 


l 
H-6-6-6-6-6-N 


Ah H HG H 


CsH4aN 
Be ae Ea 
^ 
H—C—C-6-6-C-N 
j| d. | | \ \ 
"P NN 
? HU h TM CsH44N 
N LOS Ll / 
u-& C-N 
\ / H 
H-7F &-H 
H H 
Cs5H44N 


Now we have the correct number of hydrogen atoms 
(eleven), which means that our structure must indeed 
contain a ring. But this particular cyclic structure (cyclic 
— containing a ring) does not meet all of the criteria 
described in the problem statement. Specifically, each 
carbon atom must be connected to exactly two hydrogen 
atoms. This is not the case in the structure above. This 
issue can be remedied in the following structure, which 
has a ring, and each of the carbon atoms is connected to 
exactly two hydrogen atoms, as required by the problem 
statement. 


1.77. 

(a) In compound A, the nitrogen atom has two o bonds 
and no lone pairs (steric number — 2). It is sp hybridized. 
The highlighted carbon atom has one o bond and one lone 


pair (steric number — 2), so that carbon atom is also sp 
hybridized. 


(b) The highlighted carbon atom is sp hybridized, so the 
lone pair occupies an sp-hybridized orbital. 


(c) The nitrogen atom is sp hybridized and therefore has 
linear geometry. As such, the C-N-C bond angle in A is 
expected to be 180°. 


(d) The nitrogen atom in B has two o bonds and one lone 
pair (steric number = 3). It is sp? hybridized. The 
highlighted carbon atom has three o bonds and no lone 
pairs (steric number = 3), and that carbon atom is sp? 
hybridized. Each ofthe chlorine atoms has three lone pairs 
and one bond (steric number = 4), and the chlorine atoms 
are sp? hybridized. 


(e) The nitrogen atom is sp? hybridized, so the lone pair 
occupies an sp?-hybridized orbital. 


(f) The nitrogen atom is sp? hybridized so the C-N-C bond 
angle in B is expected to be approximately 120°. 


1.78. By analyzing the data, we can see that C(sp2)-Cl 
must be shorter than 1.79À [compare with C(sp?)-CI], 
while C(sp)-I must be longer than 1.79A [compare with 
C(sp)-Br] Therefore, C(sp)-I must be longer than 
C(sp?)-Cl. 


1.79. 

(a) In the first compound, the fluorine isotope ('8F) has 
no formal charge. Therefore, it must have three lone pairs 
(see Section 1.4 for a review of how formal charges are 
calculated). Since it has one o bond and three lone pairs, 
it must have a steric number of 4, and is sp? hybridized. 
The bromine atom also has no formal charge. So, it too, 
like the fluorine isotope, must have three lone pairs. Once 
again, one o bond and three lone pairs give a steric 
number of 4, so the bromine atom is sp? hybridized. 


In the second compound, the nitrogen atom has no formal 
charge. Therefore, it must have one lone pair. Since the 
nitrogen atom has three o bonds and one lone pair, it must 
have a steric number of 4, and is sp? hybridized. 

In the product, the fluorine isotope ('8F) has no formal 
charge. Therefore, it must have three lone pairs. Since it 
has one o bond and three lone pairs, it must have a steric 
number of 4, and is sp? hybridized. The nitrogen atom 
does have a positive formal charge. Therefore, it must 
have no lone pairs. Since it has four o bonds and no lone 
pairs, it must have a steric number of 4, and is sp? 
hybridized. Finally, the bromine atom has a negative 
charge and no bonds. So it must have four lone pairs. 
With four lone pairs and no bonds, it will have a steric 
number of 4, and is expected to be sp? hybridized. 

In summary, all of the atoms that we analyzed are sp? 
hybridized. 


(b) The nitrogen atom is sp? hybridized. With four bonds, 
we expect the geometry around the nitrogen atom to be 
tetrahedral. So, the bond angle for each C-N-C bond is 
expected to be approximately 109.5°. 


1.80. 

(a) Boron is in group 3A of the periodic table and is 
therefore expected to be trivalent. That is, it has three 
valence electrons, and it uses each one of those valence 
electrons to form a bond, giving rise to three bonds. It 
does not have any electrons left over for a lone pair (as in 
the case of nitrogen). With three o bonds and no lone 
pairs, the boron atom has a steric number of three, and is 
sp? hybridized. 


(b) Since the boron atom is sp? hybridized with three o 
bonds, we expect the geometry to be trigonal planar and 
the bond angles to be approximately 120?. However, in 
this case, the O-B-O system is part of a five-membered 
ring. That is, there are five different bond angles (of 
which the O-B-O angle is one of them) that together must 
form a closed loop. That requirement could conceivably 
force some of the bond angles (including the O-B-O bond 
angle) to deviate from the predicted value. In fact, we will 
explore this very phenomenon, called ring strain, in 
Chapter 4, and we will see that five-membered rings 
actually possess very little ring strain compared with 
smaller rings. 


(c) Each of the oxygen atoms has no formal charge, and 
must therefore have two bonds and two lone pairs. The 
boron atom has no lone pairs, as explained in the solution 
to part (a) of this problem. 
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1.81. 

(a) If we analyze each atom (in both 1 and 2) using the 
procedure outlined in Section 1.4, we find that none of the 
atoms in compound 1 have a formal charge, while 
compound 2 possesses two formal charges: 


The nitrogen atom has a positive charge (it should have 
five valence electrons, but it is exhibiting only four), and 
the oxygen atom has a negative charge (it should have six 
valence electrons, but it is exhibiting seven). 


(b) Compound 1 possesses polar bonds, as a result of the 
presence of partial charges (5+ and 6-). The associated 
dipole moments can form favorable interactions with the 
dipole moments present in the polar solvent molecules 
(dipole-dipole interactions). However, compound 2 has 
formal charges (negative on O and positive on N), so the 
dipole moment of the N-O bond is expected to be much 
more significant than the dipole moments in compound 1. 
The dipole moment of the N-O bond in compound 2 is the 
result of full charges, rather than partial charges. As such, 
compound 2 is expected to experience much stronger 
interactions with the solvent molecules, and therefore, 2 
should be more soluble than 1 in a polar solvent. 


(c) In compound 1, the carbon atom (attached to nitrogen) 
has three o bonds and no lone pairs (steric number = 3). 
That carbon atom is sp? hybridized, with trigonal planar 
geometry. As such, the C-C-N bond angle in compound 
1 is expected to be approximately 120?. However, in 
compound 2, the same carbon atom has two o bonds and 
no lone pairs (steric number = 2). This carbon atom is sp 
hybridized, with linear geometry. As such, the C-C-N 
bond angle in 2 is expected to be 180?. The conversion of 
1 to 2 therefore involves an increase in the C-C-N bond 
angle of approximately 60?. 


1.82. 

(a) Ca has three o bonds and no lone pairs, so it has a 
steric number of 3, and is sp? hybridized. The same is true 
for Cc. In contrast, C» has two c bonds and no lone pairs, 
so it has a steric number of 2, and is therefore sp 
hybridized. 


(b) Since Cà is sp? hybridized, we expect its geometry to 
be trigonal planar, so the bond angle should be 
approximately 120°. 


(c) Since Cp is sp hybridized, we expect its geometry to 
be linear, so the bond angle should be approximately 180°. 


(d) The central carbon atom (Cb) is sp hybridized, so it is 
using two sp hybridized orbitals to form its two o bonds, 
which will be arranged in a linear fashion. The remaining 
two p orbitals of C» used for x bonding will be 90° apart 
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from one another (just as we saw for the carbon atoms of 
a triple bond; see Figure 1.33). 


o o 
C= 6, 0. 


As a result, the two x systems are orthogonal (or 90°) to 
each other. Therefore, the p orbitals on Ca and C. are 
orthogonal. The following is another drawing from a 
different perspective (looking down the axis of the linear 
Ca-Cp-Ce system. 


1.83. 

(a) The N-C-N unit highlighted below exhibits a central 
carbon atom that is sp? hybridized and is therefore 
expected to have tetrahedral geometry. Accordingly, the 
bond angles about that carbon atom are expected to be 
approximately 109.5°. 


H3C ie H ie CH3 
S i | i 7 
Hae C—-O- CANT GIN-C-N— CH 
H3C H CHa H H CH 


C 
HaC L7CHs 


The other N-C-N unit (highlighted below) exhibits a 
central carbon atom that is sp? hybridized and is therefore 
expected to have trigonal planar geometry. Accordingly, 
the bond angles about that carbon atom are expected to be 
approximately 120°. 


H3C n ^ CH3 
H4C76-0-C-N-C-N-C-N-G-H 
HaC H CHe H H Ch 
C 
H3C~ |^ CH 
3 H 3 


(b) The interaction is an intramolecular hydrogen bond 
that forms between the 6+ H (connected to the highlighted 
nitrogen atom) and the lone pair of the 6— oxygen atom: 


hydrogen bonding 


interaction CH 
CH —H 
H3C, 7 3 SN 
Har e o | 
O—C Gx 
\ / 0 
JNA —N 
C 
P4 N H 
H Hs 
H4C—C 
ÁN 
H CH; 


Chapter 2 
Molecular Representations 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 2. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e In bond-line structures, atoms and most atoms are not drawn. 
e A is a characteristic group of atoms/bonds that show a predictable behavior. 
e When acarbon atom bears either a positive charge or a negative charge, it will have 

rather than four, bonds. 


e [n bond-line structures, a wedge represents a group coming the page, while a dash 
represents a group the page. 

° arrows are tools for drawing resonance structures. 

e When drawing curved arrows for resonance structures, avoid breaking a bond and never 
exceed for second-row elements. 


e The following rules can be used to identify the significance of resonance structures: 
1. The most significant resonance forms have the greatest number of filled 
2. The structure with fewer is more significant. 
3. Other things being equal, a structure with a negative charge on the more 

element will be more significant. Similarly, a positive charge will be more stable on the 

less element. 
4. Resonance forms that have equally good Lewis structures are described as 

and contribute equally to the resonance hybrid. 

lone pair participates in resonance and is said to occupya____ orbital. 
lone pair does not participate in resonance. 


A 
A 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 2. The answers appear in the section entitled SkillBuilder Review. 


SkillBuilder 2.1 Converting a Condensed Structure into a Lewis Structure 


Draw a Lewis structure of the following compound 


(CH35CC(CH3)OCH2CH(CH3)CHO | ————- 


Lewis Structure 


SkillBuilder 2.2 Drawing Bond-Line Structures 
Draw a bond-line drawing of the following compound: 


H-O H H H 
/ 
H—C—6—-0-6-czc-G 
[og S 


H H H C—C—H 
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SkillBuilder 2.3 Identifying Lone Pairs on Oxygen Atoms 


An oxygen atom with a An oxygen atom with no An oxygen atom with a | 


negative charge will have © | formal charge will have positive charge will have 


lone pair(s). Ss uz lone pair(s). Noé Os cr lone pair(s). Tee 


SkillBuilder 2.4 Identifying Lone Pairs on Nitrogen Atoms 


A nitrogen atom with a © A nitrogen atom with no | A nitrogen atom with a \ / 
negative charge will have N formal charge will have N positive charge will have N 
lone pair(s). NY SN lone pair(s). — "^ SML lone pair(s). xex 


Rule 1 The tail of a curved arrow Rule 2 The head of a curved arrow 
cannot be placed on a i cannot result in 


Step 1 The most Step 2 The structure with the fewer formal Step 3 Other things being equal, the most significant 


significant resonance forms | charges is more significant. Based on steps resonance structure has the negative charge on the 
have the greatest number one and two, identify which resonance form more electronegative atom. Consider the location of 
of filled octets. Identify below is the most significant and which is the | the formal charge(s), and identify the more significant 
which form below is the least significant. contributor below. 


most significant. [e] = 


£n e am C LO 
Hac—Ö CO 


Step 4 Rank resonance forms. As a general rule, if 
one or more of the resonance forms has all filled 
octets, then any resonance form missing an octet will 
be a minor contributor. 


Steps 1 and 2 After drawing all 
resonance structures, identify which one 
is more significant. 


Step 3 Redraw the structure, showing 
partial bonds and partial charges. 


Step 4 Revise the size of the partial charges 
to indicate distribution of electron density. 


SkillBuilder 2.9 Identifying Localized and Delocalized Lone Pairs 


Identify the hybridization state of the 
nitrogen atom. 
9 


"o :Ó : 
ee ES (o 
NH; NH, 


Identify whether the lone pair on the 
nitrogen atom below is delocalized. 
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Common Mistakes to Avoid 


When drawing a structure, make sure to avoid drawing a pentavalent, hexavalent, or heptavalent carbon 
atom: 


INCORRECT INCORRECT INCORRECT 


X* OK Xx 


Carbon cannot Carbon cannot Carbon cannot 
have five bonds have six bonds have seven bonds 


Carbon cannot have more than four bonds. Never draw a carbon atom with more than four bonds! While 
this type of mistake is not uncommon among new students of organic chemistry, it is important to correct it 
right away, so that it does not lead to further confusion. 

Also, when drawing a structure, either draw all carbon atom labels (C) and all hydrogen atom labels (H), 
like this Lewis structure: 


IT 
tada 
d 
: 

d 
ò 
B 


or don't draw any labels (except H attached to a heteroatom), like this bond-line structure: 
zT set we 


That is, if you draw all C labels, then you should draw all H labels also. Avoid drawings in which the C 
labels are drawn and the H labels are not, as shown here: 


INCORRECT INCORRECT 
C—C—C—C-—0H ar er en 


These types of drawings (where C labels are shown and H labels are not shown) should only be used when 
you are working on a scratch piece of paper and trying to draw constitutional isomers. For example, if you 
are considering all constitutional isomers with the molecular formula C3HgO, you might find it helpful to 
use drawings like these as a form of “short-hand” so that you can identify all of the different ways of 
connecting three carbon atoms and one oxygen atom: 


2 2 
c—C—-C c—C-C CcO-C-C 


But your final structures should either show all C and H labels, or no labels at all. The latter is the more 


commonly used method: 
OH 


HOSAN ae gee 
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Solutions 


2.1. 

(a) We begin by drawing the carbon chain and any atoms 
attached to the carbon chain, and then we look for atoms 
that do not have the correct number of bonds 
(highlighted): 


H 
"T 
Ho. O=C=C=H 
HaCCHOCHCH(CH3) — [cic hè 
7 N "n 
H H HN 


To resolve this issue, we draw a pi bond between the two 
carbon atoms. Finally, we draw the lone pairs on the 
oxygen atom, giving the following Lewis structure, in 
which all atoms have filled octets: 


(b) We begin by drawing the carbon chain and any atoms 
attached to the carbon chain: 


H H 
NA 
H—C, H 
Hoo H H 
\ 
(CH:CH2);CHCH;CH;OH —> H—C—C—C—O-H 
H—C H H 
H—C H 
/N 
H H 


In the structure drawn above, all atoms have the correct 
number of bonds. So, we complete the Lewis structure by 
drawing the lone pairs on the oxygen atom, so that the 
oxygen atom has a filled octet of electrons: 


H H 
\/ 

H—C H 
H—c " H 
HGS G-Go OH 
H-C H H 

H—C H 
/N 
H H 


(c) We begin by drawing the carbon chain and any atoms 
attached to the carbon chain: 


———»- 


(CHa3CH5)4COH 


In the structure drawn above, all atoms have the correct 
number of bonds. So, we complete the Lewis structure by 
drawing the lone pairs on the oxygen atom, so that the 
oxygen atom has a filled octet of electrons: 


(d) We begin by drawing the carbon chain and any atoms 
attached to the carbon chain, and then we look for atoms 
that do not have the correct number of bonds 
(highlighted): 


HH HH 
HM \/ 
C pu 
(CH3)CC(CH3)0CH3 | ——> CHO H 
H-E O—C—H 
A u 
H H 


To resolve this issue, we draw a pi bond between the two 
carbon atoms. Finally, we draw the lone pairs on the 
oxygen atom, giving the following Lewis structure, in 
which all atoms have filled octets: 


HH HH 
H~ / A 
C pH 
C=C H 
H-E :0—C.—H 
H H H 


(e) We begin by drawing the carbon chain and any atoms 
attached to the carbon chain: 
HH H 
NIZ 
H H C H H 
s.v dg 74 
CH3CH2C(CH3)2CH2CH3 — Har epe M 
H H c HH 
H/LH 
H 


In the structure drawn above, all atoms have the correct 
number of bonds, and there are no atoms with lone pairs, 
so this is the correct Lewis structure. 


(f) We begin by drawing the carbon chain and any atoms 
attached to the carbon chain: 


[E eet 
CHa4CHBrCH5;CHs —<—> LE m E 
H Br H H 


In the structure drawn above, all atoms have the correct 
number of bonds. So, we complete the Lewis structure by 
drawing the lone pairs on the bromine atom, so that the 
bromine atom has a filled octet of electrons: 


ed 
c—C—C-H 
B H 


2.2. 
(a) We begin by drawing the carbon chain and any atoms 
attached to the carbon chain: 


jae 
HOCH;CH;CH;CHO — H—-O—C—C—G—C—H—O 
H H H 


Before we can deal with missing octets, we must correct 
the sigma bond framework shown, because it cannot be 
correct. Notice that there is a hydrogen atom on the right 
side of the structure that appears to have two bonds: 


E 
H—0-ç-¢-Ç-CH+0 
H H H 


This is not possible. Hydrogen is monovalent — it can only 
form one bond, so let’s look more closely at the condensed 
structure, and see where we went wrong. The condensed 
structure ends with -CHO. In this grouping of atoms, 
notice that H is listed immediately after C, indicating that 
the H is connected directly to the C. Then, O is listed next, 
but it cannot be connected to the H (because hydrogen 
cannot have more than one bond), so it is understood that 
the O must also be connected directly to the C, like this: 


a 
H—0-¢—¢ CECTHTO | 
HHH oe =? 
H H Hi 6? 
NEUEN 
H-O-c-6-G-Cc- 1 
| | Lt ea: 
H H Hi H; 


Now that we have drawn a framework of sigma bonds, the 
next step is to look for any atoms that do not have the 
correct number of bonds: 


(i i © 
7 
H-O-C—C—C+4g 
Jin har al 

H HH H 


The highlighted carbon has only three bonds (it should 
have four bonds), and the highlighted oxygen atom has 
only one bond (it should have two bonds). This issue can 
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be resolved by drawing a pi bond between the carbon and 
oxygen atoms: 


Oo 

_/ c 5 bond 
\ 
H 


WOMENS 
H H 


T—O-—rIr 


Finally, we complete the octets on each oxygen atom by 
drawing the lone pairs (an uncharged oxygen atom has 
two bonds and two lone pairs), giving the following Lewis 
structure: 


H H H ‘; 

|o d |I] // 
H—-O-C-C-C-C 

Ie eh ly oe 

H HH H 


(b) We begin by drawing the carbon chain and any atoms 
attached to the carbon chain: 
Cl 


| 
ClJCCO;H = SF pee Qn 
CI 


and then we look for atoms that do not have the correct 
number of bonds (highlighted): 


ed 
SECONDS U 
CI 


The highlighted carbon atom has only two bonds (it 
should have four), and we cannot introduce pi bonds, 
because both neighboring atoms already have the correct 
number of bonds. So we must consider whether we have 
incorrectly drawn the framework of sigma bonds. Let's 
look more closely at the condensed structure, which ends 
with -COoH. In this grouping of atoms, there are two 
oxygen atoms listed. Certainly the first one is connected 
to C, but let's consider the possibility that the second 
oxygen atom is also connected to C, like this: 


one eio | 
CI~G-HCFO-OFH —- CI-GHC O+H 
cp Gto ns 


In this grouping of atoms, the carbon atom is still missing 
a bond (it now has three and still needs to have four), but 
now the neighboring oxygen atom is also missing a bond, 


i 
ND M OT 
CI 


so we can draw a pi bond between the carbon and oxygen 


atoms: 
mt bond 
cl © 
i Qu 
Lx —C—-O-H 
Cl 
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Finally, we complete the octets on each oxygen atom and 
each chlorine atom by drawing the lone pairs (oxygen 
typically has two bonds and two lone pairs, while chlorine 
typically has one bond and three lone pairs), giving the 
following Lewis structure: 


(c) We begin by drawing the carbon chain and any atoms 
attached to the carbon chain: 


i if 
CH,CO,CH;CH, —— H—6—C-0—-0-C6-G—-H 
H H H 


and then we look for atoms that do not have the correct 
number of bonds (highlighted): 


1 10 
H-C-16-0-0-6—C-H 
H H H 


The highlighted carbon atom has only two bonds (it 
should have four), and we cannot introduce pi bonds, 
because both neighboring atoms already have the correct 
number of bonds. So we must consider whether we have 
incorrectly drawn the framework of sigma bonds. Let’s 
look more closely at the condensed structure, which has a 
-CO»- group. In this grouping of atoms, there are two 
oxygen atoms listed. Certainly, the first one is connected 
to C, but let's consider the possibility that the second 
oxygen atom is also connected to C, like this: 


o. eel 
H—CHCTO+C—C—H 
Ho H H 


In this grouping of atoms, the carbon atom is still missing 
a bond (it now has three and needs to have four), but now 
the neighboring oxygen atom is also missing a bond, 


im on 
H—ÇC+0-¢-Ç—H 
H H H 


so we can draw a pi bond between the carbon and oxygen 
atoms: 


Finally, we complete the octets on each oxygen atom by 
drawing the lone pairs (oxygen typically has two bonds 
and two lone pairs), giving the following Lewis structure: 


2.3. Begin by drawing a Lewis structure for each isomer, 
so that the bonding of the carbon atoms is shown more 
clearly. Notice that in two of the isomers, a carbon atom 
is sharing a double bond with oxygen. Each of these 
carbon atoms is sp? hybridized. All of the other carbon 
atoms exhibit four single bonds and are sp? hybridized 
(highlighted below). The number of sp)-hybridized 
carbon atoms in the structures are two, three, and two, 
respectively: 


(CH3)2CO CH3CH2CHO 


H;C 
^L >CHOH 
H;C 


condensed / partially condensed structures 


m H 
H ʻO: H HA H H 
L ou A Cl. H L 4 
H—C--C-—C--H LC... H—C-C-C-O 
I I pie O—H Tc e^ al 
H H H'! m H H H 
H 
Lewis structures 


2.4. 
(a) The carbon skeleton is drawn in a zig-zag format, in 
which each corner and each endpoint represents a carbon 


atom: 

HIL HHIH 
H € C H 
\ | | | / 

H—C—6—C—6C-—C-—H = 

dos dee yy 

H HG. 

HH 


(b) The carbon skeleton is drawn in a zig-zag format, in 
which each corner and each endpoint represents a carbon 


atom: 
HT 
X e. » 
HAC ò: 
/ 
H-o-6-C6-H = x 
| \ 
H—G—H H 
H 


(c) The carbon skeleton is drawn in a zig-zag format, in 
which each corner and each endpoint represents a carbon 
atom. Hydrogen atoms generally don't have to be drawn, 
but make sure to draw any hydrogen atoms that are 
connected to a heteroatom (such as oxygen). In this 


structure, there are three such hydrogen atoms, and all 
three must be drawn: 


I 
1 
E 

an 

Í 

Il 

Her 
HOM 20: 
I I 


2.5. 

(a) The carbon skeleton is drawn in a zig-zag format, in 
which each corner and each endpoint represents a carbon 
atom: 


(CH3)3CC(CH3)3 


(b) The carbon skeleton is drawn in a zig-zag format, in 
which each corner and each endpoint represents a carbon 


atom: 


CHa3CH5CH(CH3)5 


(c) The carbon skeleton is drawn in a zig-zag format, in 
which each corner and each endpoint represents a carbon 
atom. The hydrogen atom connected to oxygen must be 
drawn: 


OH 


(CH3CH24COH 


(d) The carbon skeleton is drawn in a zig-zag format, in 
which each corner and each endpoint represents a carbon 
atom. The hydrogen atom connected to oxygen must be 


drawn: 
| :OH 


(CHa);CHCH50H 


(e) The carbon skeleton is drawn in a zig-zag format, in 
which each corner and each endpoint represents a carbon 
atom: 


Be OR 
CH3CH>CH,OCH, 


(f) The carbon skeleton is drawn in a zig-zag format, in 
which each corner and each endpoint represents a carbon 
atom. In this case, a pi bond must be drawn between two 
carbon atoms, so that all atoms have filled octets: 
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(CH3CH5);CCH5 
CH3CH2 
(C=CH, = = 
CH3CH2 


(g) The carbon skeleton is drawn in a zig-zag format, in 
which each corner and each endpoint represents a carbon 
atom. In this case, a pi bond must be drawn between two 
carbon atoms, so that all atoms have filled octets: 


H2CCHOCHsCH(CHs)> 


igs | zt 
Hea OL. ICH = oe cle, 


CH; ~CHs 


(h) The carbon skeleton is drawn in a zig-zag format, in 
which each corner and each endpoint represents a carbon 
atom. The hydrogen atom connected to oxygen must be 
drawn: 


po o 
CHa(CH2)s&OH 


(i) The carbon skeleton is drawn in a zig-zag format, in 
which each corner and each endpoint represents a carbon 
atom. In this case, a pi bond must be drawn between two 
carbon atoms, so that all atoms have filled octets: 


H;2CCHCH2;0CH2CH(CH3)2 


| 


Mise. _CH2 m Hz eH 


H | 
jy 


m m 


(j) The carbon skeleton is drawn in a zig-zag format, in 
which each corner and each endpoint represents a carbon 
atom: 


CH3CHsC(CH3),CH(CH2CH3) 


(k) The carbon skeleton is drawn in a zig-zag format, in 
which each corner and each endpoint represents a carbon 
atom. Hydrogen atoms generally don’t have to be drawn, 
but make sure to draw any hydrogen atoms that are 
connected to a heteroatom (such as nitrogen). In this 
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structure, there are many hydrogen atoms that must be 


drawn: 
m. 
HN NH» 


CH(CH5CH3NH2)4 


(I) The carbon skeleton is drawn in a zig-zag format, in 
which each corner and each endpoint represents a carbon 
atom. In this case, a pi bond must be drawn between two 
carbon atoms, so that all atoms have filled octets: 


(CH3)2CCHCH2CH3 


(m) The carbon skeleton is drawn in a zig-zag format, in 
which each corner and each endpoint represents a carbon 
atom. Notice that there is a -CO2- group in the condensed 
structure. If you try to draw this group in a linear fashion 
(-C-O-O-), you will find that the carbon atom does not 
have the correct number of bonds. This is resolved by 
drawing both oxygen atoms being connected to the same 
carbon atom, and by also drawing a pi bond between the 
carbon atom and one of the oxygen atoms, as shown 
below. In this way, all atoms have filled octets: 


o. 
a 
(CH3)2CH(CH3)CH(CH3)CO2CH2CH2CH3 
(n) The carbon skeleton is drawn in a zig-zag format, in 


which each corner and each endpoint represents a carbon 
atom. The hydrogen atom connected to oxygen must be 


drawn: 
OO: 
CHa3CBr(CH5OH)CH5CH50CH(CH4)CH5CHsa 


2.6. The carbon skeleton is drawn in a zig-zag format, in 
which each corner and endpoint represents a carbon atom. 
The condensed formula for the highlighted substituent is 
provided below: 


-3CH(CH3)(CH2)5CH(CH3) 


2.7. The functional groups in the following compounds 
are highlighted and identified, using the terminology 
found in Table 2.1. 


aromatic 
NH2 
amine ether 
L I 
VOY To amide 
H OH 
alcohol 
ester 
O OL 7 
N 
PA 
HO O H amine 
E id 
amigo aromatic 


carboxylic acid 


2.8. 

(a) In this case, the oxygen atom has two bonds and no 
formal charge, so it must have two lone pairs in order to 
complete its octet (see Table 2.2). 


(b) In this case, each of the oxygen atoms has two bonds 
and no formal charge, so each oxygen atom must have two 
lone pairs in order to complete its octet (see Table 2.2). 


"o 


oU 


(c) Inthis case, each of the oxygen atoms has two bonds 
and no formal charge, so each oxygen atom must have two 
lone pairs in order to complete its octet (see Table 2.2). 


"o. 
A Ó H 


(d) | One of the oxygen atoms has two bonds and no 
formal charge, so that oxygen atom must have two lone 
pairs in order to complete its octet (see Table 2.2). The 
other oxygen atom has one bond and a negative charge, so 
that oxygen atom must have three lone pairs. Three lone 
pairs complete the octet on this oxygen atom, and it has a 
negative charge because it exhibits seven electrons. 


“O° 


se 


(e) In this case, the oxygen atom has one bond and a 
negative charge, so it must have three lone pairs (see 
Table 2.2). Three lone pairs complete the octet on the 
oxygen atom, and it has a negative charge because it 
exhibits seven electrons. 


>F 


(f) In this case, the oxygen atom has two bonds and no 
formal charge, so it must have two lone pairs in order to 
fill its octet (see Table 2.2). 


(g) In this case, the oxygen atom has three bonds and a 
positive charge, so it must have one lone pair (see Table 
2.2). One lone pair completes the octet on the oxygen 
atom, and it has a positive charge because it exhibits only 


five electrons. 
on H 


(h) In this case, the oxygen atom has three bonds and a 
positive charge, so it must have one lone pair (see Table 
2.2). One lone pair completes the octet on the oxygen 
atom, and it has a positive charge because it exhibits only 
five electrons. 


(i) From left to right, the first oxygen atom has two bonds 
and no formal charge, so it must have two lone pairs to 
complete its octet (see Table 2.2). The second oxygen 
atom has three bonds and a positive charge, so it must 
have one lone pair. One lone pair completes the octet on 
the second oxygen atom, and it has a positive charge 
because it exhibits only five electrons. Finally, the third 
oxygen atom has one bond and a negative charge, so it has 
three lone pairs. Three lone pairs complete the octet on 
the third oxygen atom, and it has a negative charge 
because it exhibits seven electrons. 


Q.. 
19792 


(j) One of the oxygen atoms has two bonds and no formal 
charge, so that oxygen atom must have two lone pairs to 
complete its octet (see Table 2.2). The other oxygen atom 
has three bonds and a positive charge, so that oxygen atom 
must have one lone pair. One lone pair completes the 
octet on the oxygen atom, and it has a positive charge 
because it exhibits only five electrons. 


2.9. Each oxygen atom in hydroxymethylfurfural lacks a 
charge and has two bonds, so each oxygen atom must have 
two lone pairs to complete its octet. 
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2.10. 

(a) In this case, the nitrogen atom has three bonds and 
no formal charge, so it must have one lone pair to 
complete its octet (see Table 2.3). 


"N d 


A 


(b) In this case, the nitrogen atom has three bonds and no 
formal charge, so it must have one lone pair to complete 
its octet (see Table 2.3). 


l 
H 


(c) In this case, the nitrogen atom has three bonds and no 
formal charge, so it must have one lone pair to complete 
its octet (see Table 2.3). 


Y 


(d) In this case, the nitrogen atom has four bonds and a 
positive charge, so it must have no lone pairs (see Table 
2.3). Four bonds complete the octet on the nitrogen atom, 
and it has a positive charge because it exhibits only four 
electrons. 


/ 
"WE 


A 


(e) In this case, the nitrogen atom has two bonds and a 
negative charge, so it must have two lone pairs (see Table 
2.3). Two lone pairs complete the octet on the nitrogen 
atom, and it has a negative charge because it exhibits six 
electrons. 


~R 


(£) In this case, the nitrogen atom has three bonds and no 
formal charge, so it must have one lone pair in order to 
complete its octet (see Table 2.3). 


( 3 


(g) In this case, the nitrogen atom has four bonds and a 
positive charge, so it must have no lone pairs (see Table 
2.3). Four bonds complete the octet on the nitrogen atom, 
and it has a positive charge because it exhibits only four 
electrons. 
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Nes 
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(h) One of the nitrogen atoms has four bonds and a 
positive charge, so it must have no lone pairs (see Table 
2.3). Four bonds complete the octet on the nitrogen atom, 
and it has a positive charge because it exhibits only four 
electrons. The other nitrogen atom has three bonds and 


no formal charge, so it must have one lone pair to 
complete its octet. 

7 
HEN, 


a 


H 


2.11. Every uncharged nitrogen atom in this compound has three bonds and needs one lone pair of electrons to fill its 
octet. Every positively charged nitrogen atom has four bonds and no lone pairs. Four bonds complete the octet on a 
nitrogen atom, and it is positively charged because it exhibits only four electrons. The missing lone pairs that have been 


added to nitrogen atoms are highlighted below: 


HO 


HO 


three bonds + one lone pair = 
no formal charge on nitrogen 


OH 


2.12. 

(a) This curved arrow violates the second rule by giving 
a fifth bond to a nitrogen atom (thus exceeding its octet). 
(b) This curved arrow does not violate either rule. 

(c) This curved arrow violates the second rule by giving 
five bonds to a carbon atom (thus exceeding its octet). 
(d) This curved arrow violates the second rule by giving 
three bonds and two lone pairs to an oxygen atom (thus 
exceeding its octet). 

(e) This curved arrow violates the second rule by giving 
five bonds to a carbon atom (thus exceeding its octet). 

(f) This curved arrow violates the second rule by giving 
five bonds to a carbon atom (thus exceeding its octet). 
(g) This curved arrow violates the first rule by breaking a 
single bond, and violates the second rule by giving five 
bonds to a carbon atom (thus exceeding its octet). 

(h) This curved arrow violates the first rule by breaking a 
single bond, and violates the second rule by giving five 
bonds to a carbon atom (thus exceeding its octet). 

(i) This curved arrow does not violate either rule. 

(j) This curved arrow does not violate either rule. 

(k) This curved arrow violates the second rule by giving 
five bonds to a carbon atom (thus exceeding its octet). 


NH3 


four bonds + no lone pairs = 
a postively charged nitrogen 


OH 
OH 


(I) This curved arrow violates the second rule by giving 
five bonds to a carbon atom (thus exceeding its octet). 


2.13. The tail of the curved arrow must be placed on the 
double bond in order to avoid violating the first rule (avoid 
breaking a single bond). 


oe 


sae, 


(a) This curved arrow violates the first rule (avoid 
breaking a single bond). 

(b) This curved arrow does not violate either rule. 

(c) This curved arrow violates the second rule (never 
exceed an octet for second-row elements) by giving five 
bonds to a carbon atom. 

(d) This curved arrow violates the second rule by giving 
five bonds to a carbon atom (thus exceeding its octet). 


2.15. 
(a) The curved arrow indicates that we should draw a 
resonance structure in which the x bond has been pushed 


over. We then complete the resonance structure by 
assigning any formal charges. Notice that both resonance 
structures show a positive charge, but in different 
locations: 


(b) The curved arrows indicate that we should draw a 
resonance structure in which the lone pair has been pushed 
to become a x bond, and the x bond has been pushed to 
become a lone pair. We then complete the resonance 
structure by assigning any formal charges. Notice that 
both resonance structures show a negative charge, but in 
different locations: 


Kays a OS 


(c) The curved arrows indicate that we should draw a 
resonance structure in which a lone pair has been pushed 
to become a x bond, and the x bond has been pushed to 
become a lone pair. We then complete the resonance 
structure by assigning any formal charges. Notice that 
both resonance structures have zero net charge: 


2. x8 
C 2 
ps P B ES < 
C9: Oe 


(d) The curved arrows indicate that we should draw a 
resonance structure in which a lone pair has been pushed 
to become a x bond, and the x bond has been pushed to 
become a lone pair. We then complete the resonance 
structure by assigning any formal charges. Notice that 
both resonance structures show a negative charge, but in 
different locations: 


ane Seer 


(e) The curved arrows indicate that we should draw the 
following resonance structure. Notice that both resonance 
structures have zero net charge: 


OH 


MW 


(f) The curved arrows indicate that we should draw the 
following resonance structure. Notice that both resonance 
structures have zero net charge: 
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(g) The curved arrows indicate that we should draw a 
resonance structure in which a lone pair has been pushed 
to become a x bond, and a x bond has been pushed to 
become a lone pair. We then complete the resonance 
structure by assigning any formal charges. Notice that 
both resonance structures have zero net charge, but they 
differ in the location of the negative charge: 


x Mo Os X 
a5: 10. 9,0: 
D N oe oe N^ 


we 7 LS 


(h) The curved arrows indicate that we should draw the 
following resonance structure. Notice that both resonance 
structures have zero net charge: 


eo 26: 
Ae — KA 


2.16. 
(a) One curved arrow is required, showing the x bond 
being pushed to become a lone pair: 


€: zo 
3 


(b) Two curved arrows are required. One curved arrow 
shows the carbon-carbon x bond being pushed up, and the 
other curved arrow shows the carbon-oxygen x bond 
becoming a lone pair: 


ois O) 
KOR :0: 
> 


© 


(c) Two curved arrows are required. One curved arrow 
shows a lone pair from the nitrogen atom becoming a x 
bond, and the other curved arrow shows the carbon- 
oxygen x bond becoming a lone pair: 
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eee 


N 
o 


(d) One curved arrow is required, showing the x bond 
being pushed over: 


NY 
——Ó— 
2.17. 


(a) Notice that there are two formal charges (positive and 
negative), but the positive charge is in the same location 
in all three resonance structures. Only the negative charge 
is spread out (over three locations). The negative charge 
in 2a is on a carbon atom. Such a carbon atom (bearing a 
negative charge) will have three bonds, and in order to 
exhibit five electrons, it must also have one lone pair of 
electrons. Two curved arrows are required to convert from 
resonance structure 2a to resonance structure 2b. One 
arrow shows that the lone pair on carbon can become a 
new carbon-nitrogen x bond while the other arrow shows 
that the electrons in the original carbon-nitrogen x bond 
can become a lone pair on a different carbon atom. 


H 
S Oca "A e OCH; 
* SA y! 
es: HC H .& 
2a 2b 


(b) Two curved arrows are required to convert resonance 
structure 2a to resonance structure 2c. One arrow shows 
that the lone pair on carbon can become a carbon-carbon 
1 bond while the other arrow shows that the electrons in 
the carbon-oxygen z bond can become a third lone pair on 


oxygen. 
H 
H3C. e oe 
\ 
H3C H :O: 
IS) 


NE Mp 


2a 2c 


2.18. 

(a) This pattern (lone pair next to a x bond) has two 
curved arrows. The first curved arrow is drawn showing 
a lone pair becoming a x bond, while the second curved 
arrow shows a x bond becoming a lone pair. Notice that 
both resonance structures have zero net charge: 


f ae 
O: o: 


(b) This pattern (lone pair next to a x bond) has two 
curved arrows. The first curved arrow is drawn showing 
a lone pair becoming a x bond, while the second curved 
arrow shows a m bond becoming a lone pair. Notice that 
both resonance structures show a negative charge, but in 
different locations: 


Ch- Q 


(c) This pattern (lone pair next to a x bond) has two 
curved arrows. The first curved arrow is drawn showing 
a lone pair becoming a x bond, while the second curved 
arrow shows a x bond becoming a lone pair. Notice that 
both resonance structures have zero net charge: 


Z s 
^ $ 
O: O: 


(d) This pattern (lone pair next to a x bond) has two 
curved arrows. The first curved arrow is drawn showing 
a lone pair becoming a x bond, while the second curved 
arrow shows a m bond becoming a lone pair. Notice that 
both resonance structures have zero net charge: 


ARN y 


(e) This pattern (lone pair next to a x bond) has two 
curved arrows. The first curved arrow is drawn showing 
a lone pair becoming a x bond, while the second curved 
arrow shows a n bond becoming a lone pair. Notice that 
both resonance structures show a negative charge, but in 
different locations: 


gl? 25 920: 
ee K 


(f) This pattern (lone pair next to a x bond) has two 
curved arrows. The first curved arrow is drawn showing 
a lone pair becoming a x bond, while the second curved 
arrow shows a m bond becoming a lone pair. Notice that 
both resonance structures show a negative charge, but in 
different locations: 


(g) This pattern (lone pair next to a x bond) has two 
curved arrows. The first curved arrow is drawn showing 
a lone pair becoming a x bond, while the second curved 
arrow shows a v bond becoming a lone pair. Notice that 
both resonance structures have an overall +1 net charge: 


(h) This pattern (lone pair next to a x bond) has two 
curved arrows. The first curved arrow is drawn showing 
a lone pair becoming a x bond, while the second curved 
arrow shows a m bond becoming a lone pair. Notice that 
both resonance structures have zero net charge: 


E 
any 


Qe 
| es 
HOM 
d. © 
HoN OH 
i. 


2.19. 

(a) This pattern (an allylic C+) has just one curved arrow, 
showing the x bond being pushed over. Notice that both 
resonance structures have an overall +1 net charge, but 
they show the positive charge in different locations: 


po 


(b) This pattern (an allylic C+) has just one curved arrow, 
showing the x bond being pushed over. Notice that both 
resonance structures have an overall +1 net charge, but 
they show the positive charge in different locations: 


d 


(c) This pattern (an allylic C+) has just one curved arrow, 
showing the x bond being pushed over. But when we 
draw the resulting resonance structure, we find that the 
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same pattern can be applied again, giving another 
resonance structure, as shown: 


T-O-O 


Notice that each resonance structure has an overall +1 net 
charge, and that each structure shows the positive charge 
in a different location. 


(d) This pattern (an allylic C+) has just one curved arrow, 
showing the x bond being pushed over. But when we 
draw the resulting resonance structure, we find that the 
same pattern can be applied again, giving another 
resonance structure. This process continues several more 
times: 


© ES 


e 


Notice that each resonance structure has an overall +1 net 
charge, and that each structure shows the positive charge 
in a different location. We can see that the positive charge 
is spread (via resonance) over all seven carbon atoms of 
the ring 


2.20. 

(a) This pattern (a lone pair adjacent to C+) has just one 
curved arrow, showing the lone pair becoming a x bond. 
Notice that both resonance structures have an overall +1 
net charge, but they show the positive charge in different 
locations: 


| | 
A = NN 


(b) This pattern (a lone pair adjacent to C+) has just one 
curved arrow, showing the lone pair becoming a x bond. 
Notice that both resonance structures have zero net 
charge: 
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(c) This pattern (a lone pair adjacent to C+) has just one 
curved arrow, showing the lone pair becoming a nx bond. 
Notice that both resonance structures have an overall +1 
net charge, but they show the positive charge in different 


locations: 
“oF ON 
Ce CF 
2.21. 


(a) This pattern (a pi bond between two atoms of differing 
electronegativity) has just one curved arrow, showing the 
1 bond becoming a lone pair on the more electronegative 
nitrogen atom. Notice that both resonance structures have 
zero net charge: 


DP d Q.. 


IN iN 
e 
EE 


(b) This pattern (a pi bond between two atoms of differing 
electronegativity) has just one curved arrow, showing the 
1 bond becoming a lone pair on the more electronegative 
oxygen atom. Notice that both resonance structures have 
zero net charge: 


-0 
:0: 


(c) This pattern (a pi bond between two atoms of differing 
electronegativity) has just one curved arrow, showing the 
1 bond becoming a lone pair on the more electronegative 
oxygen atom. Notice that both resonance structures have 
zero net charge: 


ay — ye 


2.22. This pattern (a pi bond between two atoms of 
differing electronegativity) has just one curved arrow, 
showing the x bond becoming a lone pair on the more 
electronegative oxygen atom. Notice that both resonance 
structures have zero net charge: 


¿f 


:OH 


2.23. This pattern (a pi bond between two atoms of 
differing electronegativity) has just one curved arrow, 
showing the x bond becoming a lone pair on the more 
electronegative oxygen atom. Notice that both resonance 
structures have zero net charge: 


Pro) 
70: 
e 


2.24, The pattern that is present in fingolimod 
(conjugated x bonds enclosed in a ring) has three curved 
arrows that push the x bonds in either a clockwise or 
counter-clockwise direction: 


HO OH 
HN - 
TES 
HN 
2.25. 


(a) We begin by looking for the five patterns. In this 
case, there is a C=O bond (a x bond between two atoms 
of differing electronegativity), so we draw one curved 
arrow showing the x bond becoming a lone pair on the 
more electronegative oxygen atom. We then draw the 
resulting resonance structure and assess whether it 
exhibits one of the five patterns. In this case, there is a C+ 
(carbocation) that is allylic, so we draw the curved arrow 
associated with that pattern (pushing over the x bond), 
shown here. Notice that each of the three resonance 
structures has a zero net charge: 


- eQ M 
20M 70: 0: 
Shy -— dee Kk? 


(b) The C+ (a carbocation) occupies an allylic position, so 
we draw the one curved arrow associated with that pattern 
(pushing over the x bond). The C+ in the resulting 
resonance structure is again next to another m bond, so we 
draw one curved arrow and another resonance structure, 
as shown here: 


uU c IE d e 


ip car 


Notice that each resonance structure has an overall +1 net 
charge, and that each structure shows the positive charge 
in a different location. 


(c) The lone pair (associated with the negative charge) 
occupies an allylic position, so we draw the two curved 
arrows associated with that pattern. The first curved 
arrow is drawn showing a lone pair becoming a n bond, 
while the second curved arrow shows a x bond becoming 
a lone pair. Notice that each resonance structure has an 
overall —1 net charge, and that each structure shows the 
negative charge in a different location: 


dil E d 


(d) We begin by looking for the five patterns, focusing 
first on any patterns that employ just one curved arrow (in 
this case, there is another pattern that requires two curved 
arrows, but we will start with the pattern using just one 
curved arrow). There is a C=O bond (a x bond between 
two atoms of differing electronegativity), so we draw one 
curved arrow showing the m bond becoming a lone pair on 
the more electronegative oxygen atom. We then draw the 
resulting resonance structure and assess whether it 
exhibits one of the five patterns. In this case, there is a 
lone pair adjacent to a C+ (a carbocation), so we draw the 
curved arrow associated with that pattern (showing the 
lone pair becoming a x bond), shown here. Notice that 
each of the three resonance structures has a zero net 
charge: 


NS 29 


:0: :0: 
ok -> EN —— 
o og 0$ 


(e) This structure exhibits a lone pair that is adjacent to a 
C+ (a carbocation), so we draw one curved arrow, 
showing a lone pair becoming a x bond. Notice that both 
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resonance structures have an overall +1 net charge, but 
they show the positive charge in different locations: 


cot 
poe 


(f) This compound exhibits a C=O bond (a x bond 
between two atoms of differing electronegativity), so we 
draw one curved arrow showing the x bond becoming a 
lone pair on the more electronegative oxygen atom. We 
then draw the resulting resonance structure and assess 
whether it exhibits one of the five patterns. In this case, 
there is a C+ (carbocation) that is allylic, so we draw the 
curved arrow associated with that pattern (pushing over 
the t bond). The C+ in the resulting resonance structure 
is next to another x bond, so we draw one more resonance 
structure. Notice that all four resonance structures have 
zero net charge: 


oo ‘O° 

O-@ 
O° O° 

O- ©. 
8 


e 
o 


(g) This structure exhibits a lone pair that is adjacent to 
C+, so we draw one curved arrow, showing a lone pair 
becoming a x bond. Notice that both resonance structures 
have an overall +1 net charge, but they show the positive 
charge in different locations: 


© 
ee ae P 


(h) This compound exhibits a C=N bond (a x bond 
between two atoms of differing electronegativity), so we 
draw one curved arrow showing the x bond becoming a 
lone pair on the more electronegative nitrogen atom. 
Notice that both resonance structures have zero net 
charge: 


S 
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(i) We begin by looking for the five patterns, focusing first 
on any patterns that employ just one curved arrow (in this 
case, there is another pattern that requires two curved 
arrows, but we will start with the pattern using just one 
curved arrow). There is a C=O bond (a x bond between 
two atoms of differing electronegativity), so we draw one 
curved arrow showing the t bond becoming a lone pair on 
the more electronegative oxygen atom. We then draw the 
resulting resonance structure and assess whether it 
exhibits one of the five patterns. In this case, there is a 
lone pair adjacent to C+, so we draw the curved arrow 
associated with that pattern (showing the lone pair 
becoming a x bond). Notice that each of the three 
resonance structures has a zero net charge: 
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A. p. Aue 


2.26. 


(j) We begin by looking for the five patterns, focusing first 
on any patterns that employ just one curved arrow (in this 
case, there is another pattern that requires two curved 
arrows, but we will start with the pattern using just one 
curved arrow). There is a C=O bond (a x bond between 
two atoms of differing electronegativity), so we draw one 
curved arrow showing the x bond becoming a lone pair on 
the more electronegative oxygen atom. We then draw the 
resulting resonance structure and assess whether it 
exhibits one of the five patterns. In this case, there is a 
lone pair adjacent to C+, so we draw the curved arrow 
associated with that pattern (showing the lone pair 
becoming a x bond). Notice that each of the three 
resonance structures has a zero net charge: 


(a) Using the skills developed in the previous SkillBuilders, we begin by drawing all significant resonance structures, 
shown below. None of the four structures have an atom with an incomplete octet. The first resonance structure is the 
most significant contributor because it has filled octets and the negative charge is on the more electronegative nitrogen 
atom. The other three resonance structures are approximately equivalent and they are less significant than the first 
structure because the negative charge is on a less electronegative carbon atom. 
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(b) Using the skills developed in the previous SkillBuilders, we begin by drawing all significant resonance structures, 
shown below. Both resonance structures have filled octets and a negative charge on an oxygen atom. Both resonance 
structures are equivalent and thus equally significant. 


as me 
(Ob Hen 
Y^ Y^: 
OO —- Nel 
J 
S yY 
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(c) Using the skills developed in the previous SkillBuilders, we begin by drawing all significant resonance structures, 
shown below. None of the three structures have an atom with an incomplete octet. The first resonance structure is the 
most significant because it has filled octets and no formal charges. The other two resonance structures are equivalent 
and less significant contributors because they contain formal charges. 
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(d) Using the skills developed in the previous SkillBuilders, we begin by drawing all significant resonance structures, 
shown below. The first resonance structure is the most significant because it is the only one with every second-row 
element having a filled octet. Recall that a structure with filled octets and no formal charges is an ideal Lewis structure. 
The other three resonance structures are approximately equivalent and they are less significant than the first structure 
because each one is missing an octet, highlighted below (they also have formal charges, but that is a less significant 
feature to consider when ranking resonance forms): 


x io: io: io: 
Most significant x ONT 27 


Approximately equivalent contributors (each is missing an octet) 


(e) Using the skills developed in the previous SkillBuilders, we begin by drawing all significant resonance structures, 
shown below. Neither resonance structure has an incomplete octet. The second resonance structure is the more 
significant contributor because it has the negative charge on the more electronegative nitrogen atom. The first resonance 
structure is less significant because the negative charge is on the less electronegative carbon atom. 
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CHS-CH-CZN: -4—— CH3-CH=C=N: 
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(f) This cation has two different resonance patterns that can be employed, using the lone pair or the x bond to fill the 
vacancy on carbon, giving a total of three resonance structures. The middle resonance structure is the most significant 
contributor because it is the only one with filled octets. The other two structures are approximately equivalent, each 
having one missing octet (highlighted below) and a positive charge on a carbon atom. They are less significant and 
contribute equally to the hybrid. Note that the location of the charge (C+ vs. N+) is not relevant in this problem, because 
filled octets are more important. 
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2.27. When looking for resonance in the first structure, we can begin with the carbonyl (C=O) group by relocating the x 
bond electrons to the more electronegative oxygen atom. This provides a resonance structure with a C+ (carbocation) 
that is allylic. Allylic resonance throughout the ring provides for three more resonance structures. Be careful to use just 
one x bond at a time so you don't accidentally “jump” over a possible resonance structure. Notice that each of the five 
resonance structures has a zero net charge: 


ON 9:8 9: 9: A 9:9 


For the second compound, the allylic lone pair can be delocalized using one of the x bonds in the benzene ring, and this 
pattern can continue to use the remaining n bonds in the ring (again, one at a time!). Notice that each of the four resonance 
structures has a zero net charge: 
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Overall, when we consider the contributions made by all resonance structures, we find that the ring in the first compound 
is electron-poor, with several electron-deficient sites on the ring, and the ring in the second compound is electron-rich, 
with several ò- sites on the ring. 
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2.28. The benzene ring on the left has two oxygen atoms attached. Both oxygen atoms can donate electron density via 
allylic lone pair resonance, making this benzene ring electron-rich: 


Electron- Electron- 
rich ring 


rich ring 


Note that the other oxygen atom directly attached to the benzene ring has a similar effect, resulting in additional resonance 
structures (not shown) with negative charges on the atoms of the ring. 

The benzene ring on the right is “connected” to the two carbonyl (C=O) groups by a series of conjugated x bonds, so the 
resonance of each carbonyl group extends into the benzene ring. The carbonyl groups withdraw electron density via 
allylic carbocation (C+) resonance, making this ring electron-deficient: 
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Note that the other carbonyl (C=O) group has a similar effect, resulting in resonance structures (not shown) with positive 
charges on the atoms of the ring. 

In summary, the benzene ring on the left is electron-rich due to resonance involving the lone pairs of electrons on both 
attached oxygen atoms. The benzene ring on the left is electron-poor due to resonance involving the carbonyl groups. 
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2.29. 
(a) Begin by drawing all significant resonance structures. 


In this case, there are two: 


Both resonance structures are equally significant, so the 
resonance hybrid is the simple average of these two 
resonance structures. There are no formal charges, so 
only partial bonds need to be drawn. 


Resonance hybrid 


(b) Begin by drawing all significant resonance structures. 
In this case, there are two: 


Both are equally significant, so the resonance hybrid is the 
simple average of these two resonance structures. Both 
partial bonds and partial charges are required, as shown: 


Resonance hybrid 


(c) Begin by drawing all significant resonance structures. 
In this case, there are two: 


The left-hand structure is more significant because every 
atom has an octet. The resonance hybrid is a weighted 
average of these two resonance structures in which the 
oxygen atom has more of the charge than the carbon atom. 


öt 


Resonance hybrid 


(d) Begin by drawing all significant resonance structures. 
In this case, there are two: 


Pg 26 O20: 
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Both are equally significant, so the resonance hybrid is the 
simple average of these two resonance structures. Only 
the negative charge is delocalized, so partial charges are 
used for the negative charge but not for the positive 
charge. 
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Resonance hybrid 


(e) Begin by drawing all significant resonance structures. 
In this case, there are two: 
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The structure on the right is more significant because 
every atom has an octet. The resonance hybrid is a 
weighted average of these two resonance structures in 
which the nitrogen atom has more of the charge than the 


carbon atom. 
pu Ax 
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Resonance hybrid 


(f) Begin by drawing all significant resonance structures. 
In this case, there are two: 


The structure on the left is more significant because every 
atom has an octet and it has no formal charges. The 
resonance hybrid is a weighted average of these two 
resonance structures, although we do not denote that by 
making the partial charges different sizes. In this example, 
the charges are opposite in sign, but they must be equal in 
magnitude so that the overall charge will be zero. 


Pm 
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Resonance hybrid 


(g) Begin by drawing all significant resonance structures. 
In this case, there are three: 


V-O 
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All three resonance structures are approximately equally 
significant, so the resonance hybrid is approximately the 
average of these three resonance structures, illustrating 
that the positive charge is delocalized over three carbon 
atoms. 


ò+ 
ò+ 
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Resonance hybrid 


(h) Begin by drawing all significant resonance structures. 
In this case, there are three: 


The structure on the left is most significant because every 
atom has an octet and it has no formal charges. The 
resonance hybrid is a weighted average of these three 
resonance structures. Since the partial positive charge is 
delocalized over two carbon atoms and the partial 
negative charge is localized on only one oxygen atom, the 
partial negative charge is drawn larger than each of the 
individual partial positive charges. 


Resonance hybrid 


2.30. Begin by drawing all significant resonance structures that show delocalization of the positive charge. In this 


case, there are four: 
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The first resonance structure and the last two resonance structures are the most significant, because all atoms have an 
octet in each of these three resonance structures. The second resonance structure (in which the carbon atom bears the 
positive charge) is the least significant because a carbon atom lacks an octet. If we compare the three most significant 
resonance structures, each has a positive charge on a nitrogen atom, so we expect these three resonance structures to 
contribute roughly equally to the resonance hybrid. To show this, we indicate 6+ at all three positions, with a smaller 6+ 
symbol at the central carbon atom (indicating the lower contribution of the second resonance structure). Also, if we 
compare the three significant resonance structures, we find that the x bond is spread over three locations, and these 
locations are indicated with dashed lines in the resonance hybrid: 


2.31. 

(a) Let's begin with the nitrogen atom on the left side of 
the structure. The lone pair on this nitrogen atom is 
delocalized by resonance (because it is next to a m bond). 
Therefore, this lone pair occupies a p orbital, which means 
that the nitrogen atom is sp? hybridized. As a result, the 
geometry is trigonal planar. 

On the right side of the structure, there is a nitrogen atom 
with a localized lone pair (it does not participate in 
resonance). This nitrogen atom is therefore sp? 
hybridized, with trigonal pyramidal geometry, just as 


expected for a nitrogen atom with o sigma bonds and a 
localized lone pair. 
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trigonal planar trigonal pyramidal 


(b) As we saw with pyridine, the lone pair on this 
nitrogen atom is not participating in resonance, because 
the nitrogen atom is already using a p orbital for the m 
bond. As a result, the lone pair cannot join in the conduit 
of overlapping p orbitals, and therefore, it cannot 
participate in resonance. In this case, the lone pair 
occupies an sp?-hybridized orbital, which is in the plane 
of the ring. Since this lone pair is not participating in 
resonance, it is localized. The nitrogen atom is sp* 
hybridized, and the geometry is bent. 
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(c) The lone pair on this nitrogen atom is participating 
in resonance (it is next to a x bond), so it is delocalized 
via resonance. As such, the nitrogen atom is sp? 
hybridized, with trigonal planar geometry. 
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2.32. As we saw with pyridine, the lone pair on the 
nitrogen atom in the 6-membered aromatic ring is not 
participating in resonance, because the nitrogen atom is 
already using a p orbital for the x bond. As a result, the 
lone pair cannot join in the conduit of overlapping p 
orbitals, and therefore, it cannot participate in resonance. 
In this case, the lone pair occupies an sp?-hybridized 
orbital, which is in the plane of the ring. Since this lone 
pair is not participating in resonance, it is localized. On 
the right side of the structure, the nitrogen atom in the 5- 
membered ring also has a localized lone pair (it does not 
participate in resonance). Each of these lone pairs is 
localized, and, therefore, both lone pairs are expected to 
be reactive. 


2.33. Lone pairs that participate in resonance are 
delocalized, while those that do not participate in 
resonance are localized: 


localized 
(not participating in resonance) 


[I localized 
(not participating in resonance) 


“a uz 
=NH 
| EN e Aa 
| 
„N P H E 
S delocalized 


(participating in resonance) 
localized 
(not participating in resonance) 


CHAPTER 2 47 


2.34. 

(a) Each of the oxygen atoms has two bonds and no 
formal charge, so each oxygen atom will have two lone 
pairs to complete its octet. 
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(b) Each of the oxygen atoms has two bonds and no 
formal charge, so each oxygen atom will have two lone 
pairs to complete its octet. The nitrogen atom has three 
bonds and no formal charge, so it must have one lone pair 
of electrons to complete its octet. 


(c) Each of the oxygen atoms has two bonds and no 
formal charge, so each oxygen atom will have two lone 
pairs to complete its octet. Each nitrogen atom has three 
bonds and no formal charge, so each nitrogen atom must 
have one lone pair of electrons to complete its octet. 
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2.35. The molecular formula indicates that there are four 
carbon atoms. Recall that constitutional isomers are 
compounds that share the same molecular formula, but 
differ in constitution (the connectivity of atoms). So we 
are looking for different ways that four carbon atoms can 
be connected together. As described in the solution to 
Problem 1.1b, the carbon atoms can be connected in a 
linear fashion (below left), or they can be connected with 


a branch (below right). 


C4H10 


ANZ 
C4H40 


These two compounds are the only constitutional isomers 
that have the molecular formula C4H10, because there are 
no other ways to connect four carbon atoms without 
changing the number of hydrogen atoms. For example, if 
we try to connect the carbon atoms into a ring, we find 
that the number of hydrogen atoms is reduced: 
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2.36. As described in the solution to Problem 1.1c, there 
are only three constitutional isomers with the molecular 
formula CsH12, shown here again. 
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There are no other constitutional isomers with the 
molecular formula CsHi2. The following two structures 
do NOT represent constitutional isomers, but are in fact 
two drawings ofthe same compound, as can be seen when 
the carbon skeletons are numbered, as shown: 


AMT 


Notice that in both drawings, the longest linear chain is 
four carbon atoms, and there is a CH3 group attached to 
the second carbon atom of the chain. As such, these two 
drawings represent the same compound. In contrast, we 
can see that all three constitutional isomers with the 
molecular formula C5H1 exhibit different connectivity of 
the carbon atoms: 


1 3 5 1 3 1 3 


2.37. In each of the following structures, each corner and 
endpoint represents a carbon atom. Hydrogen atoms are 
only drawn if they are connected to heteroatoms (such as 


oxygen). 
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Vitamin C 


2.38. Each oxygen atom has two bonds and no formal 
charge. Therefore, each oxygen atom has two lone pairs, 
for a total of twelve lone pairs. 


HO: 


2.39. Carbon is in group 4A of the periodic table, and it 
therefore has four valence electrons. We are told that, in 
this case, the central carbon atom does not bear a formal 
charge. 


AN 


Therefore, it must exhibit the appropriate number of 
valence electrons (four). This carbon atom already has 
two bonds (each of which requires one valence electron) 
and a lone pair (which represents two electrons), for a total 
of 1+1+2=4 valence electrons. This is the appropriate 
number of valence electrons, which means that this carbon 
atom does not have any bonds to hydrogen. 

Notice that the carbon atom lacks an octet, so it should not 
be surprising that this structure is highly reactive and very 
short-lived. 


2.40. An oxygen atom will bear a negative charge if it has 
one bond and three lone pairs, and it will bear a positive 
charge if it has three bonds and one lone pair (see Table 
2.2). A nitrogen atom will bear a negative charge if it has 
two bonds and two lone pairs, and it will bear a positive 
charge if it has four bonds and no lone pairs (see Table 
2.3). 
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2.41. This compound exhibits a C=O bond (a x bond 
between two atoms of differing electronegativity), so we 
draw one curved arrow showing the x bond becoming a 
lone pair on the more electronegative oxygen atom. We 
then draw the resulting resonance structure and assess 
whether it exhibits one of the five patterns. In this case, 
there is a C+ (carbocation) that is allylic, so we draw the 
curved arrow associated with that pattern (pushing over 
the t bond). This pattern continues, several more times, 
spreading the positive charge over a total of four carbon 
atoms, as shown here: 
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2.42. Recall that constitutional isomers are compounds 
that share the same molecular formula, but differ in 
constitution (the connectivity of atoms). The problem 
statement shows a compound with the molecular formula 


CsH12 and the following structure: 


So we are looking for other compounds that also have the 
molecular formula CsHi2 but show a different 
connectivity of atoms. As seen in the solution to Problem 
2.36, there are only two such compounds: 


X, 


2.43. The following two compounds are constitutional 
isomers because they share the same molecular formula 
(CsH120). The third compound (not shown here) has a 
different molecular formula (C4H100). 


We AS 


(CH3))COCHs (CH3):CHOCH;CHs 


CH3CH2CH(CH3)2 = 


ANA N 


2.44. Begin by drawing a Lewis structure, so that the 
bonding of each carbon atom is shown more clearly: 
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Lewis structure 


Notice that two of the carbon atoms are sharing a double 
bond. These two atoms are sp? hybridized. Each of the 
other six carbon atoms exhibits four single bonds, and as 
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such, each of these six carbon atoms (highlighted) is sp? 
hybridized. 
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2.45. One of the oxygen atoms has two bonds and no 
formal charge, so that oxygen atom must have two lone 
pairs (see Table 2.2). The other oxygen atom has one 
bond and a negative charge, so that oxygen atom must 
have three lone pairs. The nitrogen atom has four bonds 
and a positive charge, so it does not have any lone pairs 
(see Table 2.3). Therefore, there are a total of five lone 
pairs in this structure. 
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2.46. 

(a) The lone pair on this nitrogen atom is not participating 
in resonance, because the nitrogen atom is already using a 
p orbital for the m bond. As a result, the lone pair cannot 
join in the conduit of overlapping p orbitals, and therefore, 
it cannot participate in resonance. In this case, the lone 
pair occupies an sp?-hybridized orbital, which is in the 
plane of the ring. 


e 
(b) There is a lone pair associated with the negative 


charge, and this lone pair is delocalized via resonance (the 
lone pair is allylic): 


gpe pe, 
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As such, the lone pair must occupy a p orbital. 
(c) The nitrogen atom has a lone pair, which is 


delocalized via resonance (there is an adjacent positive 
charge): 


, lo 
<=> 
As such, the lone pair must occupy a p orbital. 
2.47. 


(a) This structure exhibits a lone pair that is adjacent to a 
C+ (carbocation). In fact, there are two such lone pairs 
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(on the nitrogen and oxygen atoms). We will begin with 
a lone pair on the oxygen atom, although we would have 
arrived at the same solution either way (we will draw a 
total of three resonance structures, below, and it is just a 
matter of the order in which we draw them). We draw one 
curved arrow, showing a lone pair on the oxygen atom 
becoming a t bond. We then draw the resulting resonance 
structure and assess whether it exhibits one of the five 
patterns. In this case, there is a lone pair next to a x bond, 
so we draw the two curved arrows associated with that 
pattern. The first curved arrow is drawn showing a lone 
pair on the nitrogen atom becoming a x bond, while the 
second curved arrow shows a x bond becoming a lone pair 
on the oxygen atom: 
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(b) This structure exhibits a C+ (carbocation) that is 
allylic, so we draw one curved arrow showing the x bond 
being pushed over. We then draw the resulting resonance 
structure and assess whether it exhibits one of the five 
patterns. In this case, C- is adjacent to a lone pair, so we 
draw the curved arrow associated with that pattern (the 
lone pair is shown becoming a x bond): 
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(c) This structure exhibits a C+ (carbocation) that is 
allylic, so we draw one curved arrow showing the x bond 
being pushed over. We then draw the resulting resonance 
structure and assess whether it exhibits one of the five 
patterns. In this case, C+ is again next to a m bond, so 
again, we draw the curved arrow associated with that 
pattern (pushing over the x bond again). The resulting 
resonance structure has C+ next to yet another x bond, so 
we draw a curved arrow showing the x bond being pushed 
over one more time to give our final resonance structure: 
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2.48. 
(a) Ina condensed structure, single bonds are not drawn. 
Instead, groups of atoms are clustered together, as shown 
here: 


(CH3)3CCH2CH2CH(CH3)o 


(b) Inacondensed structure, single bonds are not drawn. 
Instead, groups of atoms are clustered together, as shown 


here: 
pu 


(CH3)2CHCH2CH2CH20H 
or 
(CH3)2CH(CH2)30H 


(c) Inacondensed structure, single bonds are not drawn. 
Instead, groups of atoms are clustered together, as shown 


here: 
CH3CH2CH=C(CH2CH3)2 
or 
CH3CHsCHC(CHsCH3) 
2.49. 


(a) Each corner and each endpoint represents a carbon 
atom, so this compound has nine carbon atoms. Each 
carbon atom will have enough hydrogen atoms to have 
exactly four bonds, giving a total of twenty hydrogen 
atoms. So the molecular formula is CoHoo. 


CoH20 


(b) Each corner and each endpoint represents a carbon 
atom, so this compound has six carbon atoms. Each 
carbon atom will have enough hydrogen atoms to have 
exactly four bonds, giving a total of fourteen hydrogen 
atoms. So the molecular formula is C6H140. 


A 


CeH440 


(c) Each corner and each endpoint represents a carbon 
atom, so this compound has eight carbon atoms. Each 
carbon atom will have enough hydrogen atoms to have 


exactly four bonds, giving a total of sixteen hydrogen 
atoms. So the molecular formula is CsHio. 


CeHig 
2.50. As seen in the solution to Problem 2.35, there are 


only two ways to connect four carbon atoms in a 
compound with the molecular formula C4H10: 
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In our case, the molecular formula is C4HoCl, which is 
similar to C4Hio, but one H has been replaced with a 
chlorine atom. So, we must explore all of the different 
locations where a chlorine atom can be placed on each of 
the carbon skeletons above (the linear skeleton and the 
branched skeleton). 

Let’s begin with the linear skeleton. There are two 
distinctly different locations where a chlorine atom can be 
placed on this skeleton: either at position 1 or position 2, 
shown here: 


1 3 1 3 
CI 2. Pa 
2 4 4 
CI 
Placing the chlorine atom at position 3 would be the same 


as placing it at position 2; and placing the chlorine atom 
at position 4 would be the same as it as position 1: 


Cl 
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Next, we move on to the other carbon skeleton, containing 
a branch. Once again, there are two distinctly different 
locations where a chlorine atom can be placed: either at 
position 1 or position 2, shown here: 


2 2 
1 3 1 3 
CI 
CI 


Placing the chlorine atom on any of the peripheral carbon 
atoms will lead to the same compound: 


CI 


p 


CI Cl 
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In summary, there are a total of four constitutional isomers 
with the molecular formula C4H9CI: 


dE on akc 


2.51. 

(a) This compound exhibits a lone pair next to a x bond, 
so we draw the two curved arrows associated with that 
pattern. The first curved arrow is drawn showing a lone 
pair becoming a x bond, while the second curved arrow 
shows a x bond becoming a lone pair. Notice that both 
resonance structures have zero net charge: 


0 pO 


(b) This structure exhibits a lone pair that is adjacent to 
C+ so we draw one curved arrow, showing a lone pair 
becoming a x bond. Notice that both resonance structures 
have an overall +1 net charge, but they show the positive 
charge in different locations: 


"O72 
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(c) This structure exhibits a C+ (carbocation) that is 
allylic, so we draw one curved arrow showing the x bond 
being pushed over. Notice that both resonance structures 
have an overall +1 net charge, but they show the positive 
charge in different locations: 


pres 


(d) This compound exhibits a C=N bond (a x bond 
between two atoms of differing electronegativity), so we 
draw one curved arrow showing the x bond becoming a 
lone pair on the more electronegative nitrogen atom. 
Notice that both resonance structures have zero net 
charge: 


PO ee 


2.52. 

(a) This compound exhibits a lone pair next to a x bond, 
so we draw two curved arrows. The first curved arrow is 
drawn showing a lone pair becoming a x bond, while the 
second curved arrow shows a x bond becoming a lone 
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pair. We then draw the resulting resonance structure and 
assess whether it exhibits one of the five patterns. In this 
case, the lone pair is now next to another x bond, so once 
again, we draw the two curved arrows associated with that 
pattern. The resulting resonance structure again exhibits 
a lone pair next to a t bond. This pattern continues again, 
thereby spreading a negative charge over three carbon 
atoms in the ring, as shown here: 
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Notice that all resonance structures have zero net charge. 


(b) This structure exhibits a lone pair next to a x bond, 
so we draw two curved arrows. The first curved arrow is 
drawn showing a lone pair becoming a x bond, while the 
second curved arrow shows a x bond becoming a lone 
pair. We then draw the resulting resonance structure and 
assess whether it exhibits one of the five patterns. In this 
case, the lone pair is now next to another x bond, so once 
again, we draw the two curved arrows associated with that 
pattern. The resulting resonance structure again exhibits 
a lone pair next to a x bond, so we draw one more 
resonance structure, as shown here: 


Go E 
| 
i YO onsen, A / 


Notice that all four resonance structures have an overall 
—1 net charge, but they show the negative charge in 
different locations: 


(c) This compound exhibits a C=O bond (a x bond 
between two atoms of differing electronegativity), so we 
draw one curved arrow showing the x bond becoming a 
lone pair on the more electronegative oxygen atom. We 
then draw the resulting resonance structure and assess 
whether it exhibits one of the five patterns. In this case, 
there is a C+ (carbocation) that is allylic, so we draw the 


curved arrow associated with that pattern (pushing over 
the t bond). This pattern continues, several more times, 
spreading the positive charge over four carbon atoms, as 
shown here: 


Notice that all resonance structures have zero net charge. 


(d) We begin by looking for the five patterns, focusing 
first on any patterns that employ just one curved arrow (in 
this case, there is another pattern that requires two curved 
arrows, but we will start with the pattern using just one 
curved arrow). There is a C=O bond (a x bond between 
two atoms of differing electronegativity), so we draw one 
curved arrow showing the x bond becoming a lone pair on 
the more electronegative oxygen atom. We then draw the 
resulting resonance structure and assess whether it 
exhibits one of the five patterns. In this case, there is a 
lone pair adjacent to a C+, so we draw the curved arrow 
associated with that pattern (showing the lone pair 
becoming a x bond), shown here: 


a Sr T 
c 5 HY). o 
OQ. ar o. -——— No: 


Notice that all resonance structures have zero net charge. 


(e) This structure exhibits a C+ (carbocation) that is 
allylic, so we draw one curved arrow showing the x bond 
being pushed over. We then draw the resulting resonance 
structure and assess whether it exhibits one of the five 
patterns. In this case, C+ is again next to a x bond, so 
again, we draw the curved arrow associated with that 
pattern (pushing over the a bond) The resulting 
resonance structure has C+ adjacent to a lone pair, so we 
draw the one curved arrow associated with that pattern 
(showing the lone pair becoming a x bond), shown here: 


e re p, 

Be SS ZA OH 
<> of) 

KAAR p 


Notice that all resonance structures have an overall +1 net 
charge, but they show the positive charge in different 
locations. 


(f) This structure exhibits a C+ (carbocation) that is 
allylic, so we draw one curved arrow showing the x bond 
being pushed over. We then draw the resulting resonance 
structure and assess whether it exhibits one of the five 
patterns. In this case, C+ is again next to a m bond, so 
again, we draw the curved arrow associated with that 
pattern (pushing over the mx bond) The resulting 
resonance structure again has C+ next to a x bond, so 
again, we draw the curved arrow associated with that 
pattern (pushing over the mx bond) The resulting 
resonance structure has C+ adjacent to a lone pair, so we 
draw the one curved arrow associated with that pattern 
(showing the lone pair becoming a x bond), shown here: 


‘Oo: 
| ZA ZB | ZA 
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Notice that all resonance structures have an overall +1 net 
charge, but they show the positive charge in different 
locations. 


2.53. These structures do not differ in their connectivity 
of atoms. They differ only in the placement of electrons 
that are in pi bonds and lone pairs. Therefore, these 
structures are resonance structures, as shown here: 
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2.54. 

(a) These compounds both have the same molecular 
formula (C7Hi2), but they differ in their connectivity of 
atoms, or constitution. Therefore, they are constitutional 
isomers. 

(b) These structures have the same molecular formula 
(C7His), AND they have the same constitution 
(connectivity of atoms), so they represent the same 
compound. 

(c) The first compound has the molecular formula C5H10, 
while the second compound has the molecular formula 
CsHs. As such, they are different compounds that are not 
isomeric. 

(d) These compounds both have the same molecular 
formula (CsHs), but they differ in their connectivity of 
atoms, or constitution. Therefore, they are constitutional 
isomers. 


2.55. 

(a) The condensed structure (shown in the problem 
statement) indicates the constitution (how the atoms are 
connected to each other). In the bond-line structure, 
hydrogen atoms are not drawn (they are implied). Each 
corner and each endpoint represents a carbon atom, so the 
carbon skeleton is shown more clearly. 


~X 


Bond-line structure 


CH5-CHCH5C(CH3)s 
Condensed structure 


(b) The condensed structure indicates how the atoms are 
connected to each other. In the bond-line structure, 
hydrogen atoms are not drawn (they are implied), except 
for the hydrogen atom attached to the oxygen atom 
(hydrogen atoms must be drawn if they are connected to a 
heteroatom, such as oxygen). Each corner and each 
endpoint represents a carbon atom, so the carbon skeleton 
is shown more clearly. 


OH 
(CH3CH25);CHCH5CH5OH an 


Condensed structure i 
Bond-line structure 


(c) The condensed structure indicates how the atoms are 
connected to each other. In the bond-line structure, 
hydrogen atoms are not drawn (they are implied). Each 
corner and each endpoint represents a carbon atom, so the 


carbon skeleton is shown more clearly. 
sigh 


CH=COCH,CH(CH3)> Z 


Condensed structure 
Bond-line structure 


(d) The condensed structure indicates how the atoms are 
connected to each other. In the bond-line structure, 
hydrogen atoms are not drawn (they are implied). Each 
corner and each endpoint represents a carbon atom, so the 
carbon skeleton is shown more clearly. 
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CHgCH:0CHCH,OCH2CH, Ng XOX 


Condensed structure Bond-line structure 

(e) The condensed structure indicates how the atoms are 
connected to each other. In the bond-line structure, 
hydrogen atoms are not drawn (they are implied). Each 
corner and each endpoint represents a carbon atom, so the 
carbon skeleton is shown more clearly. 


Br 
(CH4CH54CBr 


Condensed structure 


Bond-line structure 


(f) The condensed structure indicates how the atoms are 
connected to each other. In the bond-line structure, 
hydrogen atoms are not drawn (they are implied). Each 
corner and each endpoint represents a carbon atom, so the 
carbon skeleton is shown more clearly. 


=’ 


Bond-line structure 


(CH3)2C=CHCH3 


Condensed structure 


2.56. The nitronium ion does not have any significant 
resonance structures because any attempts to draw a 
resonance structure will either 1) exceed an octet for the 


2.59. 


nitrogen atom or 2) generate a nitrogen atom with less 
than an octet of electrons, or 3) generate a structure with 
three charges. The first of these would not be a valid 
resonance structure, and the latter two would not be 
significant resonance structures. 


2.57. The negatively charged oxygen atom has three lone 
pairs, the positively charged oxygen atom has one lone 
pair, and the uncharged oxygen atom has two lone pairs 
(see Table 2.2). Notice that this compound exhibits a lone 
pair that is next to a xt bond, so we must draw two curved 
arrows associated with that pattern. The first curved 
arrow is drawn showing a lone pair becoming a v bond, 
while the second curved arrow shows a x bond becoming 
a lone pair: 


E 9 


Zone 
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These two resonance forms have completely filled octets 
and are equivalent (they contribute equally to the 
resonance hybrid). There are no other valid resonance 
structures that are significant. 


2.58. Fach nitrogen atom has a lone pair that is adjacent 
to a x bond and is, therefore, delocalized via resonance. 
In order to be delocalized via resonance, the lone pair 
must occupy a p orbital, and therefore, each nitrogen atom 
must be sp? hybridized. As such, each nitrogen atom is 
trigonal planar. 


(a) This compound (estradiol) exhibits a lone pair next to a x bond, so we draw two curved arrows. The first curved 
arrow is drawn showing a lone pair becoming a x bond, while the second curved arrow shows a x bond becoming a lone 
pair. We then draw the resulting resonance structure and assess whether it exhibits one of the five patterns. In this case, 
the lone pair is next to another rx bond, so once again, we draw the two curved arrows associated with that pattern. The 
resulting resonance structure again exhibits a lone pair next to a x bond, so again we draw two curved arrows and the 
resulting resonance structure. Once again, there is a lone pair next to a x bond, which requires that we draw one final 
resonance structure, shown below. This last resonance structure is not the same as the original resonance structure, 
because of the locations in which the x bonds are drawn (i.e., the resonance pattern of conjugated z bonds enclosed in a 
ring). Notice that all resonance structures have zero net charge: 
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(b) The following compound (testosterone) exhibits a C=O bond (a x bond between two atoms of differing 
electronegativity), so we draw one curved arrow showing the x bond becoming a lone pair on the more electronegative 
oxygen atom. We then draw the resulting resonance structure and assess whether it exhibits one of the five patterns. In 
this case, there is a C+ (carbocation) that is allylic, so we draw the curved arrow associated with that pattern (pushing 
over the x bond). Notice that all resonance structures have zero net charge: 


2.60. This compound exhibits a C=O bond (a x bond between two atoms of differing electronegativity), so we draw one 
curved arrow showing the x bond becoming a lone pair on the more electronegative oxygen atom. We then draw the 
resulting resonance structure and assess whether it exhibits one of the five patterns. In this case, there is an allylic C+ 
(carbocation), so we draw the curved arrow associated with that pattern (pushing over the x bond), shown here. This 
pattern continues, several more times, spreading the positive charge over a total of six carbon atoms. Notice that all 
resonance structures have zero net charge: 


ZA COZ 


e 


By considering the significant resonance structures (drawn above), we can determine the positions that are electron 
deficient (6+). There are six sites of low electron density: 


2.61. This compound exhibits a lone pair next to a xt bond, so we draw two curved arrows. The first curved arrow is 
drawn showing a lone pair becoming a x bond, while the second curved arrow shows a x bond becoming a lone pair. We 
then draw the resulting resonance structure and assess whether it exhibits one of the five patterns. In this case, there is a 
lone pair next to a x bond, so once again, we draw the two curved arrows associated with that pattern. The resulting 
resonance structure again exhibits a lone pair next to a t bond. This pattern continues, several more times, spreading a 
negative charge over a total of five carbon atoms. Notice that all resonance structures have zero net charge: 
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By considering the significant resonance structures (drawn above), we can determine the positions that are electron rich 
(5—). There are five sites of high electron density: 


E b+ 
Corr 
8- Wea SS 


2.62. Two patterns of resonance can be identified on the given structure: carbonyl resonance and allylic lone pair 
resonance (involving either the oxygen or nitrogen lone pairs). All three of these options will be used. Since it is possible 
to start with any one of the three, you may have developed the resonance forms in a different order than presented here, 
but you still should have found four reasonable resonance forms. Only one of the four structures has an atom with an 
incomplete octet (the last resonance structure shown), so that is identified as the least significant contributor to the hybrid. 
The first resonance form is the most significant contributor because it has filled octets and no formal charges. The middle 
two resonance structures both have filled octets and a negative charge on an oxygen atom, so they are ranked according 
to their only difference: the location of the positive charge. The third structure is the 2'* most significant resonance form 
because it has the positive charge on the less electronegative nitrogen atom. Note it is better to place a negative charge 
on a more electronegative atom, and it is better to place a positive charge on a less electronegative atom. 


dos s P sd E 
Iles S LX . 16 sede 
OcCLNH, -—- HO-CxNH; -——- HO—C—NHp 


Most significant 
(#1) 


(#2) 


Least significant 
(#4) 


2.63. The only resonance pattern evident in the enamine is an allylic lone pair. After that pattern is applied, however, 
another allylic lone pair results so the resonance can ultimately involve both x bonds. There are a total of three major 
resonance forms that all have filled octets. Consideration of the hybrid of these resonance forms predicts two electron- 
rich sites (6—). 


On QO OO] QO 
Vi 


Electron- 
rich sites 


Did you draw the following additional structure (or something similar, with C+ and C—) and wonder why it was not 


shown in this solution? 
(AO 


© 
Insignificant 


This resonance form suffers from two major deficiencies: 1) it does not have filled octets, while the other resonance 
forms shown above all have filled octets, and 2) it has a negative charge on a carbon atom (which is not an electronegative 
atom). Either of these deficiencies alone would render the resonance form a minor contributor. But with both deficiencies 
together (C+ and C-), this resonance form is insignificant. The same is true for any resonance form that has both C+ 
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and C—. Such a resonance form will generally be insignificant (there are very few exceptions, one of which will be seen 


in Chapter 17). 


Also, note that the x bonds cannot be moved to other parts of the six-membered ring since the CH» groups are 
sp? hybridized. These carbon atoms cannot accommodate an additional bond without violating the octet rule. 


WRONG cH H 


C 


Not possible! 


(pentavalent carbon} 


2.64. The correct answer is (c). Structures (a), (b) and (d) 
are all significant resonance structures, as shown: 


Oe — e 

(a) N 
C= — 
(d) (b) 


Structure (c) is not a resonance form at all. To see this 
more clearly, notice that the benzyl carbocation does not 
have any CH2 groups in the ring, but structure (c) does 


have a CH2 group in the ring: 
: 
i © H 
H H 


Benzyl carbocation (c) 


Resonance structures differ only in the placement of 
electrons. Since structure (c) differs in the connectivity of 
atoms, it cannot be considered a resonance structure of the 
benzyl carbocation. 


2.65. The correct answer is (a). The atoms in all four 
structures have complete octets. So we must consider the 
location of the negative charge. Structure (a) has a 
negative charge on an electronegative atom (oxygen). A 
negative charge is more stable on the more electronegative 
atom (oxygen) than it is on a nitrogen atom or a carbon 
atom. Therefore, structure (a) will contribute the most 
character to the resonance hybrid: 
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It turns out that this resonance structure is also significant 
for another reason that we will explore in Chapter 17. 


Specifically, this resonance structure has alternating 
single and double bonds in the ring and is considered to 
be aromatic (a stabilizing effect). 


2.66. The correct answer is (d). The nitrogen atom in 
structure (a) is delocalized by resonance, and is therefore 
sp? hybridized: 


M 
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CH3 CH3 


The nitrogen atom in structure (b) is also delocalized, so 
it is sp? hybridized as well: 


DE "ta 
N—H N—H 
—— NM 


The nitrogen atom in structure (c) is also sp? hybridized, 
because this nitrogen atom must be using a p orbital to 
participate in x bonding (C=N). The nitrogen atom in 
structure (d) has three c bonds, and its lone pair is 
localized. Therefore, this nitrogen atom is sp? hybridized: 


Vai 


A 


2.67. The correct answer is (c). We begin by considering 
all bonds in the compound, which is easier to do if we 
redraw the compound as shown: 

HaG H CHa 


| 
H-6-6-0-6-CHs 


H H CH3 


(CH3)J;CHCH2;OC(CH4)5 = 


This compound corresponds structure (c): 
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2.68. The correct answer is (c). For C+ that is allylic, 
only one curved arrow will be required to draw the 
resonance structures (pushing over the x bond): 


De ceca 


2.69. The correct answer is (a). An anion will be 
resonance delocalized if the atom bearing the negative 
charge has a lone pair that is next to a x bond. Only 
compound I fits this pattern: 


ub m 
ZU Lhe 


2.70. The correct answer is (a). There are only two 
resonance structures possible for this allylic carbocation. 
Drawing all the hydrogen atoms helps to demonstrate why 
the cation cannot be delocalized to any other position 
without breaking a single bond (and we cannot break a 
single bond when drawing resonance structures). 


H H 
H H H H 
© =~ (©) 
H H H H 
H H H H 

2.71. The correct answer is (d). Begin by drawing all 
significant resonance structures. In this case, there are 
two: 
© 


mas 


CH3 O^ "CH, 


Both are equally significant, so the resonance hybrid is the 
simple average of these two resonance structures. When 
drawing the resonance hybrid, partial bonds and partial 
charges are required, as shown below: 


é- 


B3 
ese 


O^ `Ch 
Resonance hybrid 


2.72. The correct answer is (b). The following do not 
represent a pair of resonance structures, because the first 
rule of resonance has been violated (by breaking a single 
bond): 


2.73. 

(a) The molecular formula is C3HeN2O». 

(b) Each ofthe highlighted carbon atoms (below) has four 
sigma bonds (the bonds to hydrogen are not shown). As 
such, these two carbon atoms are sp? hybridized. 


(c) There is one carbon atom that is using a p orbital to 
form a n bond. As such, this carbon atom (highlighted) is 
sp? hybridized. 


(d) There are no sp hybridized carbon atoms in this 
structure. 


(e) There are six lone pairs (each nitrogen atom has one 
lone pair and each oxygen atom has two lone pairs): 


(f) Only the lone pair on one of the nitrogen atoms is 
delocalized via resonance (because it is next to a x bond). 
The other lone pairs are all localized. 


localized 
"ot 
delocalized c 
Hw N a NH3 
\ localized 
localized :O 


(g) The geometry of each atom is shown below (see 
SkillBuilder 1.8): 


not relevant 
(only connected to one other atom) 


trigonal planar | 


y TX Pa trigonal planar 


aw NHs 
bent --— Su 
en 7 trigonal 
pyramidal 
tetrahedral 


tetra VA ral 


(h) We begin by looking for the five patterns, focusing 
first on any patterns that employ just one curved arrow (in 
this case, there is another pattern that requires two curved 
arrows, but we will start with the pattern using just one 
curved arrow). There is a C=O bond (a x bond between 
two atoms of differing electronegativity), so we draw one 
curved arrow showing the x bond becoming a lone pair on 
the more electronegative oxygen atom. We then draw the 
resulting resonance structure and assess whether it 
exhibits one of the five patterns. In this case, there is a 
lone pair adjacent to a C+, so we draw the curved arrow 
associated with that pattern (showing the lone pair 
becoming a x bond). Notice that all three resonance 
structures have zero net charge: 
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(a) The molecular formula is Ci6H21NO2. 

(b) Each of the highlighted carbon atoms (below) has four 
sigma bonds (the bonds to hydrogen are not shown). As 
such, these nine carbon atoms are sp? hybridized. 


5 2*5 


(c) There are seven carbon atoms that are each using a p 
orbital to form a x bond. As such, these seven carbon 
atoms (highlighted) are sp? hybridized. 


cs > 


(d) There are no sp-hybridized carbon atoms in this 
structure. 


(e) There are five lone pairs (the nitrogen atom has one 
lone pair and each oxygen atom has two lone pairs): 
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(f) Recall that a lone pair next to a x bond will be 
delocalized by resonance. The lone pairs on the oxygen 
of the C=O bond are localized. One of the lone pairs on 
the other oxygen atom (attached to the aromatic ring) is 
delocalized via resonance. The lone pair on the nitrogen 
atom is delocalized via resonance. 


(g) All sp?-hybridized carbon atoms are trigonal planar. 
All sp? hybridized carbon atoms are tetrahedral. The 
nitrogen atom is trigonal planar. The oxygen atom of the 
C=O bond does not have a geometry because it is 
connected to only one other atom, and the other oxygen 
atom has bent geometry (see SkillBuilder 1.8). 


2.75. 

(a) In Section 1.5, we discussed inductive effects and we 
learned how to identify polar covalent bonds. In this case, 
there are two carbon atoms that participate in polar 
covalent bonds (the C-Br bond and the C—O bond). Each 
of these carbon atoms will be poor in electron density (6+) 
because oxygen and bromine are each more 
electronegative than carbon: 


(b) There are two carbon atoms that are adjacent to one 
or both oxygen atoms. These carbon atoms will be poor 
in electron density (6+), because oxygen is more 
electronegative than carbon: 


"o 
aN. 
ôt 


The carbon atom of the carbonyl (C=O) group is 
especially electron deficient, as a result of resonance. 


(c) There are two carbon atoms that are adjacent to 
electronegative atoms. These carbon atoms will be poor 
in electron density (5+), because oxygen and chlorine are 
each more electronegative than carbon: 


ze 


The carbon atom of the carbonyl (C=O) group is 
especially electron deficient, as a result of resonance. 
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2.76. We begin by drawing all significant resonance structures, and then considering the placement of the formal charges 
on carbon atoms in each of those resonance structures (highlighted below) 


A position that bears a positive charge is expected to be 


electron deficient (6+), while a position that bears a negative 


charge is expected to be electron rich (8—). The following is a summary of the electron-deficient positions and the 
electron-poor positions, as indicated by the resonance structures above. 


2.77. 

(a) Compound B has one additional resonance structure 
that compound A lacks, because of the relative positions 
of the two groups on the aromatic ring. Specifically, 
compound B has a resonance structure in which one 
oxygen atom has a negative charge and the other oxygen 
atom has a positive charge: 
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Compound B 


Compound A does not have a significant resonance 
structure in which one oxygen atom has a negative charge 
and the other oxygen atom has a positive charge. That is, 
compound A has fewer resonance structures than 
compound B. Accordingly, compound B has greater 
resonance stabilization. 


(b) Compound C is expected to have resonance 
stabilization similar to that of compound B, because 
compound C also has a resonance structure in which one 
oxygen atom has a negative charge and the other oxygen 
atom has a positive charge: 


E d Wo: €87 


Compound C 


2.78. 
(a) The following group is introduced, and it contains five 


carbon atoms: 


"€" 


(b) The following highlighted carbon atom is involved in 
the reaction: 


(c) Compound 1 has three significant resonance 
structures, shown here: 


1:0: 
ee 


CH; CH; 


The structure on the left is the most significant, because 
every atom has an octet and it has no formal charges. The 
resonance hybrid is a weighted average of these three 
resonance structures. Since the partial positive charge is 
delocalized onto two carbon atoms and the partial 
negative charge is localized on only one oxygen atom, the 


CHAPTER 2 61 


partial negative charge is drawn larger than each of the 
individual partial positive charges. 


(d) The reactive site (highlighted above) has partial 
positive character, which means that it is electron 
deficient. This is what makes it reactive. In the actual 
synthesis, this compound is treated with a carbanion (a 
structure containing a carbon atom with a negative 
charge). The reaction causes formation of a bond between 
the electron-deficient carbon atom and the electron-rich 
carbon atom. We will learn about such reactions in 
Chapter 21. 


2.79. We will need to draw two resonance hybrids, one for each of the highlighted carbon atoms. One highlighted 
position is part of an aromatic ring, and we will begin by focusing on that position. In doing so, we can save time by 
redrawing only the relevant portion of the molecule, like this: 

(0) (0) 


RO ‘aii 


This aromatic ring has eight significant resonance structures, shown here: 
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The resonance hybrid is a weighted average of these eight resonance structures. Resonance structures 1 and 2 are equally 
most significant because all atoms have an octet AND there are no formal charges. Resonance structures 3-8 are less 
significant than 1 and 2 but approximately equally significant to each other because every atom has a full octet with a 
positive charge on an oxygen atom and a negative charge on a carbon atom. Since the partial negative charge is 
delocalized onto three carbon atoms and the partial positive charge is delocalized onto only two oxygen atoms, the partial 
positive charges are drawn slightly larger than the partial negative charges. The analysis allows us to draw the resonance 
hybrid for this portion of the molecule, and it demonstrates that the highlighted carbon atom is electron rich (6-). 


Now let’s focus on our attention on the other highlighted carbon atom (the one that is part of a carboxylic acid group). 
Just as we did before, we will draw only the portion of the molecule that is of interest: 
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This portion of the molecule has four significant resonance structures, shown below: 
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The resonance hybrid is a weighted average of these four resonance structures. Resonance structure 1 is most significant 
because all atoms have an octet AND there are no formal charges. Resonance structure 3 is the next most significant 
because there are formal charges, yet every atom has a full octet. Since the partial negative charge is localized on one 
oxygen atom, this partial charge is the largest. The partial positive charge is delocalized over three atoms, but it is larger 
on the oxygen (relative to either of the carbon atoms). The resonance hybrid demonstrates that this carbon atom is 
electron poor (6+). 
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2.80. 
(a) The molecular formula for CL-20 is CeHeN12012. The molecular formula for HMX is CsHsNsOs. 
(b) The lone pair is next to a x bond, and therefore delocalized (see resonance structures below). 


2.81. 
This intermediate is highly stabilized by resonance. The positive charge is spread over one carbon atom and three oxygen 
atoms. 


2.82. 
(a) Both molecules have identical functional groups (alcohol + alkene), and both compounds have the same molecular 
formula (C27H460): 


| 


OH alkene 
alcohol alcohol alkene 


The structure on the left exhibits two six-membered rings and two five-membered rings, while the structure on the right 
has three six-membered rings and only one five-membered ring. 
The long alkane group is apparently located in the wrong position on the five-membered ring of the incorrect structure. 


(b) Both structures contain an alkene group, an aromatic ring, an amide group, and two ether functional groups. But the 
incorrect structure has a third ether functional group (in the eight-membered ring), while the correct structure has an 
alcohol functional group. The incorrect structure has an eight-membered ring, while the correct structure has a five- 
membered ring. The two carbon atoms and oxygen atom in the ring of the incorrect structure are not part of the ring for 
the correct structure. 
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2.83. 
(a) The positive charge in basic green 4 is resonance-stabilized (delocalized) over twelve positions (two nitrogen atoms 
and ten carbon atoms), as seen in the following resonance structures. 
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(b) The positive charge in basic violet 4 is expected to be 
more stabilized than the positive charge in basic green 4, 
because the former is delocalized over thirteen positions, 
rather than twelve. Specifically, basic violet 4 has an 
additional resonance structure that basic green 4 lacks, 
shown here: 


D 


K 


©. 


mocqe 
Sree 


In basic violet 4, the positive charge is spread over three 
nitrogen atoms and ten carbon atoms. 


2.84. Polymer 2 contains only ester groups, so the IR 
spectrum of polymer 2 is expected to exhibit a signal near 
1740 cm’! (typical for esters), associated with vibrational 
excitation (stretching) of the C=O bond. Polymer 4 lacks 
any ester groups, so the signal near 1740 cm! is expected 
to be absent in the IR spectrum of polymer 4. Instead, 
polymer 4 has OH groups, which are expected to produce 
a broad signal in the range 3200-3600 cm. Polymer 3 
has both functional groups (alcohol group and ester 
group), so an IR spectrum of polymer 3 is expected to 
exhibit both characteristic signals. When polymer 3 is 
converted to polymer 4, the signal near 1740 cm! is 
expected to vanish, which would indicate complete 
hydrolysis of polymer 3. 


In practice, the signal for the C=O stretch in polymer 2 
appears at 1733 cm", which is very close to our estimated 
value of 1740 cml. 

2.85. Compound 1 has an OH group, which is absent in 


compound 2. Therefore, the IR spectrum of 1 should 


2.86. 
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exhibit a broad signal in the range 3200-3600 cm! 
(associated with O-H stretching), while the IR spectrum 
of 2 would be expected to lack such a signal. The 
conversion of 1 to 2 could therefore be confirmed with the 
disappearance of the signal corresponding with excitation 
of the O-H bond. 

Another way to monitor the conversion of 1 to 2 is to focus 
on the C-H bond of the aldehyde group in compound 1, 
which is expected to produce a signal in the range 2750- 
2850 cmr!. Since the aldehyde group is not present in 
compound 2, we expect this signal to vanish when 1 is 
converted to 2. 

There is yet another way to monitor this reaction with IR 
spectroscopy. Compound 1 possesses only one C=O 
bond, while compound 2 has two C=O bonds. As such, 
the latter should exhibit two C=O signals. One signal is 
expected to be near 1680 cm"! (for the conjugated ketone), 
and the other signal should be near 1700 cm! 
(corresponding to the conjugated ester). In contrast 
compound 1 has only one C=O bond, which is expected 
to produce a signal near 1680 cm! (for the conjugated 
aldehyde). Therefore, the conversion of 1 to 2 can be 
monitored by the appearance of a signal near 1700 cm". 


(a) This compound contains the following functional groups: 


ether op CH; 
amide 


Idehyd 
CHa(CH2)40 — ane 
ether H H 
N 
CHa(CH2)40 . ; 
ether aromatic aromatic 
(b) The nitrogen atom has a lone pair that is delocalized via resonance: 
OC 42H55 [9] OC 42Ho5 [9] 
C42H550 C12H250 
12H25 H H 12H25 H H 
N? OQ 
C12H250 C12H250 
So. Her 
v | =o 
OC12H25 OC12H25 O 
C12H250 C12H250 
12H25 H H 12H25 H H 
N N 
Z © 
C12H250 X 5 C12H250 USSY^ NU 
:0: 70: 
“O “O 
etc. 


In the second resonance structure shown, the C-N bond is drawn as a double bond, indicating partial double-bond 
character. This bond is thus a hybrid between a single and double bond; the partial double bond character results in 
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partially restricted rotation around this bond. In contrast, the C-N bond on the left experiences free rotation because that 
bond has only single-bond character. 


restricted 
O(CH3)4CHs rotation e 


CH3(CH2)40 B 
H 
N 
CH3(CH2)40 (d 
free O 
rotation 


2.87. 
(a) Each of the four amides can be represented as a resonance hybrid (one example shown below). The charge-separated 
resonance structure indicates that there is a 6+ on the amide nitrogen, which thus pulls the electrons in the N-H bond 
closer to the nitrogen atom, leaving the hydrogen atom with a greater 6+. This resonance effect is not present in the N- 
H bond of the amines. Thus, the 5+ on an amide H is greater than that on an amine H, leading to a stronger hydrogen 
bond. 


amine amide amide amide amide amine 
K 


` s "e ap ` r xu e ^ "e i. 


O H O H 


H H 
Tp CI 
^ H Ò H O H 


(b) The following intermolecular hydrogen bonds are formed during self-assembly: 
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2.88. 
(a) Anion 2 is highly stabilized by resonance (the negative charge is delocalized over two oxygen atoms and three carbon 
atoms). The resonance structures for 2 are as follows: 


Ò Ò c A Ò 
Ag = mac.” S 
H 9 z cO ie 
2a 2b 2c 


a i 4 


[9] [9] 
2e 2d 


Cation 3 is highly stabilized by resonance (the positive charge is delocalized over two oxygen atoms and four carbon 
atoms). The resonance structures of 3 are as follows: 


T i 
Oo @ © 9 
M = => 
-H -H -H 
[9] [9] [9] 
3a 3b 3c 
i i | 
oO / EN oO 
LH _ OH LH 
Oc Nox © oO 
3f 3e 3d 


O—r 


o 


(b) Double bonds are shorter in length than single bonds 
(see Table 1.2). As such, the C-C bonds in compound 1 
will alternate in length (double, single, double, etc.): 


Shorter UH 
bond Ó 
1a single-bond 
M g 
enger character 


bond S ò 
shorter 7 o^" 


bond 1 


The double bonds do have some single-bond character as 
aresult of resonance, as can be seen in resonance structure 
le: 


o8 
© 
o 
1b 


ME 
N P een 
1c 
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Similarly, the single bonds have some double-bond 
character, also because of resonance. However, this effect 
is relatively small, because there is only one resonance 
structure (1a above) in which all atoms have an octet AND 
there are no formal charges. Therefore, it is the most 
significant contributor to the overall resonance hybrid. As 
such, the double bonds have only a small amount of 
single-bond character, and the single bonds have only a 
small amount of double-bond character. 

In contrast, anion 2 does not have a resonance structure 
that lacks charges. All resonance structures of 2 bear a 
negative charge. Among the resonance structures, two of 
them (2a and 2e) contribute the most character to the 
overall resonance hybrid, because the negative charge is 
on an electronegative oxygen atom (rather than carbon). 


© 
Ce — CX, 
=> 
© 
oO [0] 
2a 2e 


In fact, these two resonance contributors will contribute 
equally to the overall resonance hybrid. As such, the 
bonds of the ring will be very similar in length, because 
they have both single-bond character and double-bond 
character in equal amounts. A similar argument can be 
made for compound 3. 


(c) In compound 1, a hydrogen bonding interaction occurs 
between the proton of the OH group and the oxygen atom 
of the C=O bond: 


o 


This interaction is the result of the attraction between 
partial charges (5+ and 6-). However, in cation 3, a 
similar type of interaction is less effective because the O 
of the C=O bond is now poor in electron density, and 
therefore less capable of forming a hydrogen bonding 
interaction, as can be seen in resonance structure 3a. 


1 
o? 


8 
UH 


3a 


The other oxygen atom is also ineffective at forming an 
intramolecular hydrogen bond because it too is poor in 
electron density, as can be seen in resonance structure 3f: 


O- 
m 
eQ' 
3f H 


2.89. In order for all four rings to participate in resonance 
stabilization of the positive charge, the p orbitals in the 
four rings must all lie in the same plane (to achieve 
effective overlap). In the following drawing, the four 
rings are labeled A-D. Notice that the D ring bears a large 
substituent (highlighted) which is trying to occupy the 
same space as a portion of the C ring: 


This type of interaction, called a steric interaction, forces 
the D ring to twist out of plane with respect to the other 
three rings, like this: 


In this way, the overlap between the p orbitals of the D 
ring and the p orbitals of the other three rings is expected 
to be less effective. As such, participation of the D ring 
in resonance stabilization is expected to be diminished 
with respect to the participation of the other three rings. 


Chapter 3 
Acids and Bases 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 3. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 


Vocabulary. 
e A Bronsted-Lowry acid is a proton , while a Brensted-Lowry base is a proton 
e Areaction mechanism utilizes curved arrows to show the flow of that account 
for a chemical reaction. 
e The mechanism of proton transfer always involves at least curved arrows. 
e A strong acid has a pK; while a weak acid has a pKa. 
e There are four factors to consider when comparing the of anionic conjugate bases. 
e The equilibrium of an acid-base reaction always favors the more negative charge. 
e =A Lewis acid is an electron-pair , while a Lewis base is an electron-pair 
Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 


the end of Chapter 3. The answers appear in the section entitled SkillBuilder Review. 


SkillBuilder 3.1 Drawing the Mechanism of a Proton Transfer 


Draw the curved arrows for the following acid-base reaction: 


eo 
CH3O* 


Oy t HÖ: CH3OH 


SkillBuilder 3.2 Using pKa Values to Compare Acids 


Circle the compound below that is more acidic: 


A. A, 


pK, = 19.2 pK, = 4.75 


SkillBuilder 3.3 Using pKa Values to Compare Basicity 


Compare the following pK; values, and circle the stronger base below: 
ae ES i i I 
ro Ke 


pK, = 9.0 pK, = 19 
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SkillBuilder 3.4 Using pK; Values to Predict the Position of Equilibrium 


Circle the side of the equilibrium that is favored: 
oO (6) oO oO 
+ oU = + pon 
H H 
z © 2 
pKa= 9.0 pKa= 15.7 


SkillBuilder 3.5 Assessing Relative Stability. Factor 1 - Atom 


Compare the two highlighted protons, H 
and circle the one that is more acidic. l 


Use the extra space to draw the two N (6) 
possible conjugate bases. d ee H 


SkillBuilder 3.6 Assessing Relative Stability. Factor 2 — Resonance 
Compare the two highlighted protons, [e] 


and circle the one that is more acidic. 
Use the extra space to draw the two H eee 7 


possible conjugate bases. 


SkillBuilder 3.7 Assessing Relative Stability. Factor 3 — Induction 


Compare the two highlighted protons, 

and circle the one that is more acidic. 

Use the extra space to draw the two | H. 
possible conjugate bases. 


Compare the two highlighted protons, 
and circle the one that is more acidic. 
Use the extra space to draw the two 
possible conjugate bases. 


Compare the two highlighted protons, 
and circle the one that is more acidic. 
Use the extra space to draw the two 
possible conjugate bases. 


SkillBuilder 3.10 Assessing the Relative Acidity of Cationic Acids 


Compare the two highlighted protons, 
and circle the one that is more acidic. H Ae dies te H 


SkillBuilder 3.11 Predicting the Position of Equilibrium Without Using pKa Values 


"oO 
e d 
OF 


Which side of the equilibrium is favored? 


NS 
"E EP T 
OH 
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SkillBuilder 3.12 Choosing the Appropriate Reagent for a Proton Transfer Reaction 


Determine whether water is a suitable proton source to protonate the acetate ion, as shown below: 


Identify the Lewis acid and 
the Lewis base in the 
following reaction: 


Common Mistakes to Avoid 


When drawing the mechanism of a proton transfer, two curved arrows are required. The first curved arrow 
shows the base attacking the proton, and the second curved arrow shows the bond to H being broken. 


Base: H—A 
e JA 
First Second 
curved arrow curved arrow 


It is a common mistake to draw only the first curved arrow and not the second, so make sure to draw both 
curved arrows. When drawing the second curved arrow, make sure that the tail 1s placed on the middle of 
the bond to the H, as shown: 


Correct NOT correct 
Base: H—A Base: HA 


When the acid is H30*, you must draw at least one of the O-H bonds in order to draw the second curved 
arrow properly. 


Correct i NOT correct 
Base: H—00 Base: H4O* 
Kec AW o7 
This is also the case for other acids: 
Correct o NOT correct 
I 
Base: H—-O—-S—OH Base: H5SO4 
LC V iil nd 
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Useful reagents 


CHAPTER 3 


In Chapter 3, we explored the behavior of acids and bases. Throughout the remainder of the textbook, 
many acids and bases will be frequently encountered. It would be wise to become familiar with the 
following reagents (and their uses), as they will appear many times in the upcoming chapters: 


Acetic acid 


Structure Name Use 
A very strong acid. Commonly used as a source of protons. 
o Concentrated sulfuric acid is a mixture of H2SO0; and H20, 
i ae and the acid present in solution is actually H30*, because of 
H—O—S—OH : : . fe 
H Sulfuric acid the leveling effect. That is, H3O* is a weaker acid than 
o H5SO,, so the protons are transferred from H5SO, to water, 
giving a high concentration of H3O*. 
: A very strong acid. Similar in function to H2SO4. In an 
H—CI oe aqueous solution of HCI, the acid that is present is H3O", 
because of the leveling effect, as described above for H2SOu. 
i9) 


A weak acid. Mild source of protons. 


Water 


A weak acid and a weak base. It can function as either, 
depending on the conditions. When treated with a strong 
base, water will function as an acid (a source of protons). 
When treated with a strong acid, water will function as a 
base and remove a proton from the strong acid. 


An alcohol 


R represents the rest of the compound. Alcohols (the subject 
of Chapter 12) are compounds that possess an OH group 
connected to an sp?-hybridized carbon atom. Alcohols can 
function very much like water (either as weak acids or as 
weak bases). 


Ammonia 


A fairly strong base, despite the absence of a negative 
charge. It is a strong base, because its conjugate acid 
(NH4?), called an ammonium ion, is a weak acid (pK, = 9.2). 


Sodium ethoxide 


The ethoxide ion (CH3CH20 ) is a strong base, and Na* is 
the counterion. Other alkoxide ions (RO , where R is an 
alkyl group), such as methoxide (CH3O ), are also strong 
bases. 


Sodium amide 


HN is a very strong base, and Na’ is the counterion. 


n-Butyllithium 


An extremely strong base. This is one of the strongest bases 
that you will encounter. It is often abbreviated as n-BuLi 


Solutions 


3.1. 

(a) Phenol (CsHsOH) loses a proton and is therefore 
functioning as an acid. Hydroxide (HO ) functions as the 
base that removes the proton. Two curved arrows must be 
drawn. The first curved arrow shows a lone pair of the 
base attacking the proton, and the second curved arrow 
comes from the O-H bond (being broken) and goes to the 
oxygen atom, as shown: 


OD i9) 
el. 
+ r ——> + ^O. 
Qn H^ ^H 
Acid Base Conjugate Conjugate 
Base Acid 


(b) H3O* loses a proton and is therefore functioning as an 
acid. The ketone functions as the base that removes the 
proton. Two curved arrows must be drawn. The first 
curved arrow shows a lone pair of the base attacking the 
proton; the second curved arrow comes from the O-H 
bond (being broken) and goes to the oxygen atom, as 
shown: 


Rk © LH 
of 6 
pe + ^ S mm + LO. 
LOD 
H © H H M 
Base Acid 


Conjugate Conjugate 
Acid Base 


(c) The ketone loses a proton and is therefore functioning 
as an acid. The other reagent functions as the base that 
removes the proton. Two curved arrows must be drawn. 
The first curved arrow shows a lone pair of the base 
attacking the proton, and the second curved arrow comes 
from the C-H bond (being broken) and goes to the carbon 
atom, as shown: 


vw 


Acid Base 
o T 
o EE bid N Wes 
Conjugate Conjugate 
Base Acid 


(d) Benzoic acid (CoHsCO2H) loses a proton and is 
therefore functioning as an acid. Hydroxide (HO) 
functions as the base that removes the proton. Two curved 
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arrows must be drawn. The first curved arrow shows a 
lone pair of the base attacking the proton, and the second 
curved arrow comes from the O-H bond (being broken) 
and goes to the oxygen atom, as shown: 


oO 
T M. 
O 4 OH 
Acid Base 
O 
o? fe LO. 
H H 
Conjugate 
Conjugate Acid 


Base 


3.2. Two curved arrows must be drawn. The first curved 
arrow shows a lone pair of the base attacking the proton, 
and the second curved arrow comes from the O-H bond 
(being broken) and goes to the oxygen atom, as shown: 


^ 7 


(7*H H 
Qo: © 
70: GO [9) Ò 


3.3. The nitrogen atom is accepting a proton, so 
dextromethorphan is the base in this proton-transfer 
reaction, and HBr is the acid (proton donor). As usual, the 
mechanism involves two curved arrows. The salt product 
contains both the conjugate acid (protonated 
dextromethorphan) and the conjugate base (Br ). 


Lm: 
fl 
: Br—H + 
x eR 
Acid o 
| Base 


NS H3C~ 
: Br: + oc" 
Conjugate Conjugate acid 
base 


3.4. 

(a) According to Table 3.1, phenol (CeH5OH) has a pKa 
of 9.9, while water has a pKa of 15.7. Phenol is more 
acidic because it has a lower pKa value. 
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(b) According to Table 3.1, (CH3)3COH has a pKa of 18.0, 
while water has a pKa of 15.7. Water is more acidic 
because it has a lower pKa value. 


(c) According to Table 3.1, ammonia (NH3) has a pKa of 
38, while acetylene (H-C=C-H) has a pKa of 25. As such, 
acetylene is more acidic because it has a lower pKa value. 


(d) According to Table 3.1, H3O* has a pKa of -1.74, while 
HC! has a pKa of -7. As such, HCl is more acidic because 
it has a lower pK; value. 


(e) According to Table 3.1, ethane (C2H6) has a pKa of 50, 
while acetylene (H-C=C-H) has a pKa of 25. As such, 
acetylene is more acidic because it has a lower pKa value. 


(f) According to Table 3.1, a protonated ketone has a pKa 
of -7.3, while sulfuric acid (H2SO4) has a pKa of -9. As 
such, sulfuric acid is more acidic because it has a lower 
pKa value. 


3.5. According to Table 3.1, the proton connected to the 
oxygen atom is expected to be the most acidic proton in 
the compound. That proton is expected to have a pKa 
value near 16 (similar to CH3CH2OH), though it may be 
somewhat different from this value, based on the effect of 
adjacent groups. The proton connected to the nitrogen 
atom is expected to have a pKa value near 38 (similar to 
NH3), so it is not the most acidic proton. 


s 


PE 


(most acidic) 


pKa ~ 38 


3.6. According to Table 3.1, the proton of the carboxylic 
acid group (Ha below) is expected to be the most acidic 
(pKa~ 5). The two protons labeled Hb and He are expected 
to have a pKa near 10 (like CeHsOH), and the protons 
labeled Ha are expected to have a pKa near 38 (like NH3). 
The order of acidity is shown below: 


Oo 
ola 
Hos Ny 
e Hi^ ^H; 
OY 
He Ha < Hp~He < Ha 
least acidic most acidic 


3.7. 

(a) We first imagine protonating each base, and then we 
compare the pKa values of the resulting compounds (using 
Table 3.1): 


i 
H-C=C-H N, 
H H 
pKa = 25 pKa = 38 
stronger acid weaker acid 


The first compound is more acidic because it has a lower 
pKa value. We know that a stronger acid has a weaker 
conjugate base, so the conjugate base of the first 
compound will be a weaker base than the conjugate base 
of the second compound: 


-cze N, 
H-C=C H^ H 


weaker base stronger base 


(b) We first imagine protonating each base, and then we 
compare the pKa values of the resulting compounds (using 
Table 3.1): 


Pm 


MoH 
pKa = 18.0 pKa = 16.0 
weaker acid stronger acid 


The second compound (CH3CH2OH) is more acidic 
because it has a lower pK; value. We know that a stronger 
acid has a weaker conjugate base, so the conjugate base of 
the second compound will be a weaker base than the 
conjugate base of the first compound: 


Me 


stronger base 


Pas o9 
weaker base 
(c) We first imagine protonating each base, and then we 


compare the pKa values of the resulting ions (using Table 
3.1): 


®©. -H 
O io 
p a 
H H 
pKa= -7.3 pKa = -1.74 


stronger acid weaker acid 


The first ion is more acidic because it has a lower pKa 
value. We know that a stronger acid has a weaker 
conjugate base, so the conjugate base of the first ion will 
be a weaker base than the conjugate base of the second 


ion: 
i9) 


p HOH 


weaker base stronger base 


(d) We first imagine protonating each base, and then we 
compare the pKa values of the resulting compounds (using 
Table 3.1): 


pon 
HH DoH 


pKa = 15.7 
stronger acid 


pK, = 16.0 
weaker acid 


The first compound (water) is more acidic because it has 
a lower pKa value. We know that a stronger acid has a 
weaker conjugate base, so the conjugate base of the 


second compound will be a stronger base than the 
conjugate base of water: 


LS o€ 
stronger base 


o 
H-O 
weaker base 
(e) We first imagine protonating each base, and then we 


compare the pKa values of the resulting compounds (using 
Table 3.1): 


H H 
H-C-C-H 
/ \ —C=r— 
H H H—CzC-H 
pKa = 50 pkg = 25 
weaker acid stronger acid 


The second compound is more acidic because it has a 
lower pKa value. We know that a stronger acid has a 
weaker conjugate base, so the conjugate base of the 
second compound will be a weaker base than the 
conjugate base of the first compound: 


H H 
\ / [S 
H—C-C-H H-C=C 
/ © 
H weaker base 
stronger base 


(f) We first imagine protonating each base, and then we 
compare the pKa values of the resulting compounds (using 
Table 3.1). HCl has a pKa of -7, while H20 has a pKa of 
15.7. Since HCI has a lower pKa value, it is more acidic 
than water. We know that a stronger acid has a weaker 
conjugate base, so the conjugate base of HCI will be a 
weaker base than the conjugate base of H20. 
ci? Ho? 
weaker base stronger base 


(HCI pKa = -7) (H20 pKa = 15.7) 


3.8. The pK; values indicate that a proton is more acidic 
when it is connected to a positively charged oxygen atom 
(pKa ~ -2.2) than when it is connected to a positively 
charged nitrogen atom (pKa ~ 10.6). The weaker acid, 
(CH3)2NH2", gives the stronger base upon deprotonation: 


i l 
o 
HaC—N—CHg C—— 2» H3C—N—CH3 


H 


weaker acid stronger base 


H 
HaC- de 

H 
stronger acid 


c—» H4C—O—H 


weaker base 


Therefore, in the structure of compound 1, we expect that 
the lone pair on the nitrogen atom will be more basic than 
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the lone pairs on the oxygen atom. When compound 1 is 
protonated, we expect the nitrogen atom to be protonated 
(rather than the oxygen atom) to give the following 
conjugate acid: 

1 OH 
ZR x 

H—NS 
H 

conjugate acid of 1 


3.9. Inspection of structures 1 and 3 shows that the 
nitrogen atoms, and more specifically their lone pairs, 
serve as bases in the protonation of nicotine. In order to 
determine which nitrogen atom in structure 1 is more 
basic, we can compare the pKa values for each of the 
acidic protons in structure 3, using similar acids found in 
Table 3.1 for reference: 


BN 
M A 
ey HA y 
H 
pK, = 5.3 pK, = 9.3 


The second has a higher pKa value, and is therefore a 
weaker acid. The weaker acid gives the stronger base 
upon deprotonation, so we expect the lone pair on the 
nitrogen atom on the right in structure 1 to be more basic: 


| AN | y 
m H CH5 Nf CH3 stronger 
© | 1 id base 
; l 
pKa ~ 9.3 
ili weaker acid weaker 
pK, ~ 5.3 base 


stronger acid 


Therefore, when 1 is mono-protonated, the sp? hybridized 
nitrogen atom is protonated, as shown: 


KO KO 
Sue ^R n Se SN 
| y ——( 7 A 
2 H CH, 
N 
2 


3.10. 

(a) We begin by identifying the acid on each side of the 
equilibrium. In this case, the acid on the left side is 
ethanol (CH3CH2OH) and the acid on the right side is 
water (H2O). We compare their pKa values (Table 3.1), 
and we find that ethanol (pKa = 16.0) is less acidic than 
water (pKa= 15.7). The equilibrium will favor the weaker 
acid (ethanol), so the left side of the reaction is favored. 
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(b) Identify the acid on each side of the equilibrium. In 
this case, the acid on the left side is phenol (CeH5OH) and 
the acid on the right side is water (H20). We compare 
their pKa values (Table 3.1), and we find that water (pKa 
= 15.7) is less acidic than phenol (pKa = 9.9). The 
equilibrium will favor the weaker acid (water), so the right 
side of the reaction is favored. 


(c) Identify the acid on each side of the equilibrium. In 
this case, the acid on the left side is HCl and the acid on 
the right side is H53O*. We compare their pKa values 
(Table 3.1), and we find that H3O* (pKa = -1.74) is less 
acidic than HCl (pKa = -7). The equilibrium will favor the 
weaker acid (H3O?), so the right side of the reaction is 
favored. 


(d) Identify the acid on each side of the equilibrium. In 
this case, the acid on the left side of the equilibrium is 
acetylene (H-C=C-H), and the acid on the right side is 
ammonia (NH3). We compare their pKa values (Table 
3.1), and we find that ammonia (pKa = 38) is less acidic 
than acetylene (pKa = 25). The equilibrium will favor the 
weaker acid (ammonia), so the right side of the reaction is 
favored. 


3.11. One way to answer this question is to look up (or at 
least estimate) the pKa of the acid on each side of the 
equilibrium. Because phenolic protons (pKa ~ 10) are 
more acidic than water (pKa — 15.7), we can determine 
that the equilibrium should favor deprotonation of 
hydroquinone by hydroxide. The equilibrium will favor 
the weaker acid (water), so the forward reaction is favored 
and hydroxide is a sufficiently strong base. 


3.12. At a pH of 7.4, acids with a pKa below 7.4 are 
expected to be mostly deprotonated, while acids with a 
pKa above 7.4 are expected to be mostly protonated. 
According to Table 3.1, the pKa of a carboxylic acid group 
(RCO?H) is expected to be near 4.75 (which is below 7.4), 
while the pKa of an ammonium group (RNH3’) is expected 
to be near 9.3 (which is above 7.4) Therefore, at a pH of 
7.4, the carboxylic acid group will exist primarily as its 
conjugate base (RCO? ), called a carboxylate ion, while 
the ammonium group (RNH3*) will retain its proton, and 
will primarily exist in the charged form, as shown here: 


HH OO 
M. 

H^e o? 
glycine 


3.13. 

(a) | Carbon and oxygen are in the same row of the 
periodic table, so we must compare their electronegativity 
values. Oxygen is more electronegative than carbon and 
can better stabilize the negative charge that will be 
generated upon deprotonation. A more stable (weaker) 
conjugate base indicates a stronger parent acid. Therefore, 
a proton connected to an oxygen atom is expected to be 
more acidic than a proton connected to a carbon atom: 


^g 


(b) Carbon and nitrogen are in the same row of the 
periodic table, so we must compare their electronegativity 
values. Nitrogen is more electronegative than carbon and 
can better stabilize the negative charge that will be 
generated upon deprotonation. A more stable (weaker) 
conjugate base indicates a stronger parent acid. Therefore, 
a proton connected to a nitrogen atom is expected to be 
more acidic than a proton connected to a carbon atom: 


(c) Sulfur and oxygen are in the same column of the 
periodic table, so we must compare their size. Sulfur is 
larger than oxygen and can better stabilize the negative 
charge that will be generated upon deprotonation. A more 
stable (weaker) conjugate base indicates a stronger parent 
acid. Therefore, a proton connected to a sulfur atom is 
expected to be more acidic than a proton connected to an 
oxygen atom: 


sS A LR JH 
H (0 


(d) Nitrogen and oxygen are in the same row of the 
periodic table, so we must compare their electronegativity 
values. Oxygen is more electronegative than nitrogen and 
can better stabilize the negative charge that will be 
generated upon deprotonation. A more stable (weaker) 
conjugate base indicates a stronger parent acid. Therefore, 
a proton connected to an oxygen atom is expected to be 
more acidic than a proton connected to a nitrogen atom: 


7 
H 


3.14. We start by drawing the two possible conjugate 
bases: 
Hy ADM JH Hy NSS N ege 
IN: M N S.O 
Ə H 


The first conjugate base has the negative charge on a 
nitrogen atom, while the second conjugate base has the 
negative charge on a sulfur atom. Nitrogen and sulfur are 
neither in the same row nor in the same column of the 
periodic table. However, nitrogen and oxygen are in the 
same row of the periodic table and sulfur and oxygen are 
in the same column of the periodic table, so it makes sense 
to use oxygen as a means of comparing nitrogen and 
sulfur. Oxygen is better able to stabilize a negative charge 
than nitrogen due to its greater electronegativity (the 
dominant factor when making comparisons in a row). 
Sulfur is better able to stabilize a negative charge than 
oxygen due to its larger size (the dominant factor when 
making comparisons in a column). So, we can deduce that 


sulfur must be more capable of stabilizing the negative 
charge than nitrogen: 


e dd S S Sie 
© H 
less stable more stable 
A more stable (weaker) conjugate base indicates a 
stronger parent acid. Therefore, a proton connected to a 
sulfur atom is expected to be more acidic than a proton 
connected to a nitrogen atom: 


H H 
pd a 
H 


3.15. 

(a) The proton marked in blue is expected to be more 
acidic than the proton marked in red, because removal of 
the blue proton leads to a resonance-stabilized anion, 
shown here: 


A more stable (weaker) conjugate base indicates a 
stronger parent acid. 

Removal of the red proton would result in a carbanion that 
is less stable, because it is not resonance stabilized. 


(b) The proton marked in blue is expected to be more 
acidic than the proton marked in red, because removal of 
the blue proton leads to a resonance-stabilized anion, 
shown here: 


mu yA 
—N An RETE om 
H 


S jo 
NC. 


F ta ; 
Hh — pe 
—N —N — 
H H 


A more stable (weaker) conjugate base indicates a 
stronger parent acid. 

Removal of the red proton would result in a nitrogen anion 
that is less stable, because it is not resonance stabilized. 


(c) The proton marked in red is expected to be more acidic 
than the proton marked in blue, because removal of the 
red proton leads to a resonance-stabilized anion, shown 
here: 
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| 
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A more stable (weaker) conjugate base indicates a 
stronger parent acid. 

Removal of the blue proton would result in a carbanion 
that is less stable, because it is not resonance stabilized. 


(d) The proton marked in red is expected to be more acidic 
than the proton marked in blue, because removal of the 
red proton leads to a resonance-stabilized anion, shown 


here: 
o 
oO 
aN — I 
Eee 
^O 


A more stable (weaker) conjugate base indicates a 
stronger parent acid. 

Removal of the blue proton would result in a carbanion 
that is less stable, because it is not resonance stabilized 


(e) The proton marked in blue is expected to be more 
acidic than the proton marked in red, because removal of 
the blue proton leads to a resonance-stabilized anion in 
which the negative charge is spread over two oxygen 
atoms. 


(0) 


9 o 
AE dije Are 
So O5 


A more stable (weaker) conjugate base indicates a 
stronger parent acid. Removal of the red proton also leads 
to a resonance-stabilized anion, but the negative charge is 
spread over an oxygen atom and a carbon atom, which is 
less stable than spreading the charge over two oxygen 
atoms. 


(f) The proton marked in red is expected to be more acidic 
than the proton marked in blue, because removal of the 
red proton leads to a resonance-stabilized anion in which 
the negative charge is spread over one oxygen atom and 
three carbon atoms. 
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A more stable (weaker) conjugate base indicates a 
stronger parent acid. Deprotonation at the location of the 
blue proton also leads to a resonance-stabilized anion, but 
the negative charge is spread over four carbon atoms, 
which is less stable than spreading the charge over one 
oxygen atom and three carbon atoms. 


3.16. The proton highlighted is the most acidic proton in 
the structure: 
HO 
(0) 


i9) 
HO 


This proton is the most acidic, because deprotonation at 
that location generates a resonance-stabilized anion, in 
which the negative charge is spread over two oxygen 
atoms and one carbon atom: 


HO 
Oo 
HO 
E V OH N 
: Q 
HO 
HO onbo 
el 
Fá o OH 
HO 
o o 
HO j 
o OH 


A more stable (weaker) conjugate base indicates a 
stronger parent acid. 

Deprotonation of any of the other oxygen atoms would 
result in an oxyanion (or oxygen anion) that is less stable, 
because it is either not resonance stabilized (for the two 
OH groups that are not part of the ring), or less resonance 
stabilized (for the other OH group attached to the ring). 


3.17. Deprotonation at the location marked by the red 
proton leads to a resonance-stabilized anion in which the 
negative charge is spread over one oxygen atom and three 
carbon atoms: 


Uo 


Deprotonation at the location marked by the blue proton 
leads to a resonance-stabilized anion in which the negative 
charge is spread over two oxygen atoms: 


ME d 


R^ GP R 


By comparing pKa values from Table 3.1, we conclude 
that the carboxylic acid proton is more acidic (lower pKa 
value): 


A pKa~ 10 
OH ° 


Ó 


o 
pKa~ 5 
more acidic 


The stronger acid has a more stable (weaker) conjugate 
base. This suggests that a negative charge will be more 
stabilized when spread over two oxygen atoms, rather 
than being spread over one oxygen atom and three carbon 
atoms (oxygen is more electronegative than carbon). 


3.18. 
(a) The highlighted proton is the most acidic: 
UH 
o 
F3C O-H 
more acidic 


When this proton is removed, the resulting anionic 
conjugate base is stabilized by the electron-withdrawing 
effects of the nearby electronegative fluorine atoms. A 
more stable (weaker) conjugate base indicates a stronger 
parent acid. 


(b) The highlighted proton is more acidic: 


When this proton is removed, the resulting anionic 
conjugate base is stabilized by the electron-withdrawing 
effects of the electronegative chlorine atoms, which are 
closer to this proton than the other acidic proton (far left). 


3.19. 
(a) The compound with two chlorine atoms is more 
acidic: 

9) 


OH 
CI CI 


The electron-withdrawing effects of the additional 
chlorine atom help stabilize the conjugate base that is 
formed when the proton is removed. A more stable 
(weaker) conjugate base indicates a stronger parent acid. 


(b) The more acidic compound is the one in which the 
bromine atom is closer to the acidic proton: 


Ó 


ula 


Br 


The electron-withdrawing effects of the bromine atom 
stabilize the conjugate base that is formed when the proton 
is removed. A more stable (weaker) conjugate base 
indicates a stronger parent acid. 


3.20. 

(a) In the following compound, one of the chlorine atoms 
has been moved closer to the acidic proton of the 
carboxylic acid group, which further stabilizes the 
conjugate base that is formed when the proton is removed. 


(0) 


OH 
cl Cl 


(b) In the following compound, one of the chlorine atoms 
has been moved farther away from the acidic proton of the 
carboxylic acid group, and the distant chlorine atom is less 
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capable of stabilizing the conjugate base that is formed 
when the proton is removed. 


cl de 


(c) There are many acceptable answers to this question, 
since there are many constitutional isomers that lack the 
carboxylic acid functional group. One example is shown 
below. This compound is not a carboxylic acid, so its 
conjugate base is not resonance-stabilized: 


Cl yon 


Ó 


Without resonance stabilization, the conjugate base of this 
isomer is a fairly strong base, indicating a weaker parent 
acid. 


3.21. The most acidic proton is highlighted in each of 
the following compounds. For each of the first two 
compounds, deprotonation leads to a conjugate base in 
which the negative charge is associated with an sp- 
hybridized orbital (which is more stable than being 
associated with an sp?- or sp?-hybridized orbital). In the 
final compound, deprotonation leads to a conjugate base 
in which the negative charge is associated with an sp?- 
hybridized orbital (which is more stable than being 
associated with an sp?-hybridized orbital). 


Note that in the final compound, there are two equivalent 
sp^-hybridized protons (removal of either one of them 
would produce the same conjugate base). 
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3.22. n-Butyllithium (n-BuLi) has a negative charge on an sp?-hybridized carbon atom, so it is a very strong base and 
will remove the most acidic proton in the compound. All protons have been drawn below, and the most acidic one is 
highlighted. Removal of this proton gives a conjugate base (shown below) in which the negative charge is stabilized 


because it is associated with an sp-hybridized orbital. 


_ 9 
=> H C=C: 


| + cHchcHcH] 


All of the other protons are connected to sp?-hybridized carbon atoms. So if any of those protons had been removed 
instead, the resulting conjugate base would have been less stable because the negative charge would have been associated 
with an sp?-hybridized orbital (rather than an sp-hybridized orbital). Note that the negative charge in the product is more 
stable than the negative charge in n-BuLi, so the forward reaction is favored. 


3.23. 

(a) The proton marked in red is expected to be more 
acidic than the proton marked in blue, because removal of 
the red proton leads to a resonance-stabilized anion in 
which the negative charge is spread over one oxygen atom 
and three carbon atoms: 


0 


Go Ó oO 
9 Pile 
O O 


|^ 


Formation of a more stable (weaker) conjugate base 
indicates the more acidic proton has been removed. 

Removal of the proton marked in blue results in an 
anion that is not resonance stabilized. 


(b) The proton marked in red is expected to be more acidic 
than the proton marked in blue. Both conjugate bases are 
resonance-stabilized, but removal of the red proton leads 
to a resonance-stabilized anion in which the negative 
charge is spread over one carbon atom and two oxygen 
atoms, rather than just being spread over one carbon atom 
and one oxygen atom: 


eQ 
O O :0: [e] 
Sk ee en ES 
6 
Oo we z^ 
p m 


Formation of a more stable (weaker) conjugate base 
indicates the more acidic proton has been removed. 


(c) The proton marked in red is expected to be more acidic 
than the proton marked in blue. Both conjugate bases are 
resonance stabilized, but removal of the red proton leads 
to a resonance-stabilized anion in which the negative 
charge is spread over two oxygen atoms, rather than being 
spread over two nitrogen atoms: 


o 
O O 
D 
aoo gd ts 
: <> 
ET 
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Formation of a more stable (weaker) conjugate base 
indicates the more acidic proton has been removed. 


(d) The proton marked in blue is expected to be more 
acidic than the proton marked in red, because removal of 
the blue proton leads to a resonance-stabilized anion in 
which the negative charge is spread over a nitrogen atom 
and a carbon atom: 


© 
a-— t) 
Ww 


UG 


Formation of a more stable (weaker) conjugate base 
indicates the more acidic proton has been removed. 
Removal of the red proton would result in a less stable 
carbanion, because it is not resonance stabilized. 


(e) The proton marked in red is expected to be more acidic 
than the proton marked in blue, because removal of the 
red proton leads to a resonance-stabilized anion in which 


the negative charge is spread over two nitrogen atoms, 
rather than being spread over two carbon atoms: 


es Nne 
Nude a 


Formation of a more stable (weaker) conjugate base 
indicates the more acidic proton has been removed. 
Removal of the blue proton would result in a less stable 
anion because the negative charge would be spread over 
two carbon atoms (rather than two nitrogen atoms). 


(£) The proton marked in blue is expected to be more 
acidic than the proton marked in red. Both conjugate 
bases are resonance-stabilized, but removal of the blue 
proton leads to a resonance-stabilized anion in which the 
negative charge is spread over two sulfur atoms, rather 
than two oxygen atoms: 


o o 
Re 
S: <> S 
HO = à HO 
S So 


A negative charge on sulfur is more stable than a negative 
charge on oxygen, because sulfur is larger, and therefore 
more polarizable than oxygen. Formation ofa more stable 
(weaker) conjugate base indicates the more acidic proton 
has been removed. 


(g) The proton marked in red is expected to be more 
acidic than the proton marked in blue, because removal of 
the red proton leads to a more stable conjugate base in 
which the negative charge is associated with an sp 
hybridized orbital. This case represents an exception to 
the ARIO priority scheme: factor 4 (orbital) trumps factor 
1 (atom), and this can be confirmed by looking at Table 
3.1 (the pKa of acetylene is 25, and the pKa of a proton on 
nitrogen is ~38). 


v di 
more acidic => | H H 


(h) The proton marked in blue is expected to be more 
acidic than the proton marked in red. Both conjugate 
bases are resonance-stabilized, but removal of the blue 
proton leads to a conjugate base in which the negative 
charge is spread over two oxygen atoms, rather than being 
spread over one oxygen atom and three carbon atoms: 


ce 


i9) 
Z 
HO Fe HO 
yo <-> 
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Formation of a more stable (weaker) conjugate base 
indicates the more acidic proton has been removed. 


(i) The proton marked in blue is expected to be more 
acidic than the proton marked in red. Both conjugate 
bases are resonance-stabilized, but removal of the blue 
proton leads to a conjugate base in which the negative 
charge is spread over three oxygen atoms, rather than 
being spread over one nitrogen atom and one oxygen 
atom: 


H H A 
O `N :0! 
N ce N QS 
[8] sO! -—- Ô $=0 
o So 
H 
N 
N a 
nd zs 
:0: 
“O 


Formation of a more stable (weaker) conjugate base 
indicates the more acidic proton has been removed. 


3.24. 

(a) Bromine and chlorine are in the same column of the 
periodic table (group 7A), so we must compare their size. 
Bromine is larger than chlorine and can better stabilize the 
negative charge that will be generated upon 
deprotonation. A more stable (weaker) conjugate base 
indicates a stronger parent acid, and therefore, HBr is 
expected to be more acidic than HCI. 


(b) Sulfur and oxygen are in the same column of the 
periodic table (group 6A), so we must compare their size. 
Sulfur is larger than oxygen and can better stabilize the 
negative charge that will be generated upon 
deprotonation. A more stable (weaker) conjugate base 
indicates a stronger parent acid, and therefore, H2S is 
expected to be more acidic than H20. 


(c) Carbon and nitrogen are in the same row of the 
periodic table, so we must compare their electronegativity 
values. Nitrogen is more electronegative than carbon and 
can better stabilize the negative charge that will be 
generated upon deprotonation. A more stable (weaker) 
conjugate base indicates a stronger parent acid, and 
therefore, NH3 is expected to be more acidic than CHa. 


(d) Acetylene (H-C=C-H) is more acidic. The conjugate 
base of acetylene has a negative charge associated with a 
lone pair in an sp-hybridized orbital, which is more stable 
than a negative charge associated with a lone pair in an 
sp?-hybridized orbital. A more stable (weaker) conjugate 
base indicates a stronger parent acid. 
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3.25. 

(a) When the proton is removed, the resulting conjugate base is highly resonance-stabilized because the negative charge 
is spread over four nitrogen atoms and seven oxygen atoms. In addition, the inductive effects of the trifluoromethyl 
groups (-CF3) further stabilize the negative charge. This extraordinarily stable conjugate base is consistent with a 
particularly strong parent acid. 


(b) There are certainly many, many acceptable answers to this problem. A more stable (weaker) conjugate base indicates 
a stronger parent acid, so the goal is to further stabilize the conjugate base. Below are two separate modifications that 
would render the compound even more acidic: 

The OH group can be replaced with an SH group. Sulfur is larger than oxygen and more capable of stabilizing a negative 
charge: 


Alternatively, the conjugate base could be further stabilized by spreading the charge over an even larger number of 
nitrogen and oxygen atoms. For example, consider the structural changes, highlighted here: 


LH 
i i i 
Fac —S——N N==S==N N—S— CF, 
\ EN 2 i x N ff 
a Ize CF;| "s 
ZAN Jf cH 


These additional structural units would enable the conjugate base to spread its negative charge over six nitrogen atoms 
and nine oxygen atoms, which should be even more stable than being spread over four nitrogen atoms and seven oxygen 
atoms. 


3.26. The most acidic proton belongs to the carboxylic acid group (COOH). Deprotonation of this functional group 
gives a resonance-stabilized anion in which the negative charge is spread over two oxygen atoms. Formation of a more 
stable (weaker) conjugate base indicates the more acidic proton has been removed. Removal of any of the other protons 
would lead to a less stable conjugate base. 


» Oy, NH; 
Amphotericin B 
i ", 
"OH 
3.27. With O* being less stable than N*, we conclude that the 
(a) To assess the relative acidity of cationic acids, we following acid is the stronger acid (/ess stable — more 
compare the stability of the positive charges. We are acidic): 
comparing a positive charge on an oxygen atom with a ®© _H 
positive charge on a nitrogen atom. Nitrogen is better at :O 
stabilizing a positive charge (compared with oxygen), PT 


because nitrogen is less electronegative than oxygen. 


(b) To assess the relative acidity of cationic acids, we 
compare the stability of the positive charges: 


j i 
(pH Ce 
H H 


In this case, we cannot directly assess the relative stability 
of the two acids because the positive charge is on the same 
element (a nitrogen atom) in each structure. Therefore, 
we must draw the conjugate bases and compare the 
availability of the lone pairs in the conjugate bases: 


H H 
/ / 
ox Cox 
N N 
H H 


The first conjugate base above has a lone pair that is 
delocalized by resonance: 


In the other conjugate base, the nitrogen atom is connected 
to an sp?-hybridized atom, so the lone pair is localized: 


H 
" 
a N: <= Localized 
H 


As a result, the first conjugate base is a weaker base (its 
lone pair is less available to function as a base). 
Therefore, we conclude that the first acid is the stronger 
acid (because the stronger acid has a weaker conjugate 
base): 


weaker base stronger base 
(delocalized lone pair) (localized lone pair) 


stronger acid weaker acid 


CHAPTER 3 83 


(c) To assess the relative acidity of cationic acids, we 
compare the stability of the positive charges: 


1 H 
NOH ON 
| H 
H 


In this case, we cannot directly assess the relative stability 
ofthe two acids because the positive charge is on the same 
element (a nitrogen atom) in each structure. Therefore, 
we must draw the conjugate bases and compare the 
availability of the lone pairs in the conjugate bases: 


H 

/ 
TE os 

N 

H 


The first conjugate base above has a lone pair that is 
delocalized by resonance: 


In the other conjugate base, the lone pair is localized: 


4. 


Localized 


As a result, the first conjugate base is a weaker base (its 
lone pair is less available to function as a base). 
Therefore, we conclude that the first acid is the stronger 
acid (because the stronger acid has a weaker conjugate 


base). 
H 
Ni :N—H 
K : 
H 
weaker base stronger base 
(delocalized lone pair) (localized lone pair) 


stronger acid weaker acid 
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(d) To assess the relative acidity of cationic acids, we 
compare the stability of the positive charges. We are 
comparing a positive charge on an oxygen atom with a 
positive charge on a nitrogen atom. Nitrogen is better at 
stabilizing a positive charge (compared with oxygen), 
because nitrogen is less electronegative than oxygen. 
With O* being less stable than N*, we conclude that the 
following acid is the stronger acid (/ess stable = more 


acidic): 
[9 M 
Ox 
\ 
H 
3.28. 


(a) For each base, we draw the conjugate acid, and we 
then compare the stability of the conjugate acids: 


H 
H.@H | 
SOT H—N9-H 


The second conjugate acid above is more stable (a weaker 
acid) than the first conjugate acid, because nitrogen is 
better than oxygen at stabilizing a positive charge. 
Therefore, we conclude that the following base is the 


stronger base (because the stronger base produces the 
weaker conjugate acid). 


H 
H.G H | 
stronger acid weaker acid 


(less stable) (more stable) 


weaker base 


stronger base 


Indeed, this follows the general trend that amines (RNH2) 
are stronger bases than alcohols (ROH). 


(b) The first base has a lone pair that is delocalized by 
resonance, 


Dar CO 
DO 
j 
ORO ~ QUO 


while the second base has a lone pair that is localized: 


OO 


As a result, the first base is weaker base (its lone pair is 
less available to function as a base). Therefore, the 
following base is the stronger base: 


OO 


(c) The first base has a nitrogen atom with a lone pair 
that is delocalized by resonance, 


while the second base has a nitrogen atom with a lone pair 
that is localized: 


m» H 

N Ss 
. Localized 
Q 


As a result, the first base is weaker base (its lone pair is 
less available to function as a base). Therefore, the 
following base is the stronger base: 


...H 
LJ 
e 


(d) For each base, we draw the conjugate acid, and we 
then compare the stability of the conjugate acids: 


Q-H Fs eH 


s uds 


The second conjugate acid above is more stable (a weaker 
acid) than the first conjugate acid, because the less 
electronegative nitrogen atom is better than oxygen at 
stabilizing a positive charge. Therefore, we conclude that 
the second base is the stronger base (because the stronger 
base produces the weaker conjugate acid). 


ae H H oe 
stronger acid weaker acid 


(less stable) (more stable) 


ra 


weaker base 


stronger base 


3.29. There are three nitrogen atoms in guanidine, 
although two of them (highlighted below) are identical 
because of symmetry: 


So we only need to compare the availability of the lone 
pairs in the following two locations: 


NH 


One of these lone pairs is localized, 


Localized ———» NH 


lone pair 
TO NE 


IA «d 
H H 


while the other lone pair is delocalized by resonance: 


Delocalized 
lone pair 


The localized lone pair is more available to function as a 
base, so the following position is the most basic nitrogen 
atom in guanidine: 


NH 


The same conclusion can be reached if we compare the 
structures of the two possible conjugate acids: 
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" H.O/H 
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| 2H | 
H H H 


The charge in the first conjugate acid is localized (not 
stabilized by resonance), while the charge in the second 
conjugate acid is delocalized via resonance, as shown 
here: 


H © -H H, .. H 
N N 
Ho LA. H Ss HALO 
ld | e 
H H H ' H 
H..., H 
N 
Hakai 
E | 
H oH | 


Because of resonance stabilization, this conjugate acid is 
more stable and a weaker acid, so it must correspond with 
the most strongly basic nitrogen atom: 


Most stable, Most basic 
weaker acid nitrogen atom 
T Į 
H. © -H => H 
N -H* N 
——————- 
Heal, LH Tee ee: 


In summary, the same conclusion can be reached by 
comparing the availability of the lone pairs in the bases or 
by comparing the stability of the positive charges in the 
conjugate acids. 


3.30. 
(a) We compare the stability of the ions on either side of 
the equilibrium: 


H H H 
| | l| lo ©, 

H—-C—c—c-¢? INI 
iti H^ ^H 
H H HH 


The first ion (left side) has a negative charge on a carbon 
atom, while the second ion (right side) has a negative 
charge on a nitrogen atom, so we turn to factor #1 (atom). 
Carbon and nitrogen are in the same row of the periodic 
table, so we compare their electronegativity values. 
Nitrogen is more electronegative than carbon, so a 
negative charge will be more stable on a nitrogen atom. 
The base on the product side is the more stable (weaker) 
base. As such, the reaction favors the products. 
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(b) We compare the stability of the ions on either side of 
the equilibrium: 


Td H—N-H 

The first ion (left side) has a negative charge on an oxygen 
atom, while the second ion (right side) has a negative 
charge on a nitrogen atom, so we turn to factor #1 (atom). 
Oxygen and nitrogen are in the same row of the periodic 
table, so we compare their electronegativity values. 
Oxygen is more electronegative than nitrogen, so a 
negative charge will be more stable on an oxygen atom. 
The base on the reactant side is the more stable (weaker) 
base. As such, the reaction favors the reactants, and the 
equilibrium lies to the left. 


(c) We begin by comparing the stability of the ions on 
either side of the equilibrium. Both ions have a positive 
charge on nitrogen, so we must look at their conjugate 
bases (shown in the reaction) and compare the availability 
of the lone pairs: 


The second conjugate base above has a localized lone pair, 
while the first conjugate base above has a lone pair that is 
delocalized by resonance: 


As a result, this conjugate base is a weaker base (its lone 
pair is less available to function as a base). The base on 
the reactant side is the more stable (weaker) base. 
Therefore, the equilibrium favors the reactants, not the 
products, and the equilibrium lies to the left. 


(d) We compare the stability of the ions on either side of 
the equilibrium: 


H 
| l6 eo 
ins Ho 
H H 


The first ion (left side) has a negative charge on a carbon 
atom, while the second ion (right side) has a negative 
charge on an oxygen atom, so we turn to factor #1 (atom). 
Carbon and oxygen are in the same row of the periodic 
table, so we compare their electronegativity values. 
Oxygen is more electronegative than carbon, so a negative 
charge will be more stable on an oxygen atom. The base 
on the product side is the more stable (weaker) base. As 
such, the reaction favors the products, and the equilibrium 
lies to the right. 


(e) We compare the stability of the ions on either side of 
the equilibrium: 


i 
@/ 

Hc =NH HaC —0; 
CH; H 


In this case, we are comparing a positive charge on a 
nitrogen atom with a positive charge on an oxygen atom. 
Nitrogen is better at stabilizing a positive charge, because 
nitrogen is less electronegative than oxygen. The acid on 
the reactant side is the more stable (weaker) acid. 
Therefore, the equilibrium favors the reactants, not the 
products, and the equilibrium lies to the left. 


(f) We compare the stability of the ions on either side of 
the equilibrium: 


H 

lo o 
H-c: H-czc 

H 


Both ions have a negative charge on a carbon atom, and 
neither ion is stabilized by resonance or induction. The 
difference between these ions is the type of orbital that is 
accommodating the lone pair (and its associated negative 
charge). The first ion above has the negative charge 
associated with an sp?-hybridized orbital, while the 
second ion has the negative charge associated with an sp- 
hybridized orbital, and the latter is more stable. The base 
on the product side is the more stable (weaker) base. 
Therefore, the reaction favors the products, and the 
equilibrium lies to the right. 
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3.31. 

(a) First identify the acid and the base in the conversion of 2 into 3. Anion 2 has its negative charge on an oxygen atom, 
and this oxygen atom functions as a base and accepts a proton during the conversion of 2 to 3. The nearby hydroxyl 
group loses its proton during the reaction, so it is functioning as the acid. 

To draw a mechanism, remember to use two curved arrows. The tail of the first curved arrow is placed on a lone pair 
from the base. The head of the arrow is placed on the proton of the acid. The tail of the second curved arrow is placed 
on the bond between the acidic proton and the attached oxygen atom. The head of that arrow is placed on the oxygen 
atom that receives the negative charge as a result of the process. 


Q.. H N H N 
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(b) To determine the position of the equilibrium, we compare the stability of the negative charge in 2 with the negative 
charge in 3 using the four factors (ARIO). 


1. Atom. In each case, the negative charge is on an oxygen atom. Thus, the atom effect is not relevant. 


2. Resonance. The anionic oxygen in 2 has no resonance stabilization, because it is attached to an sp?-hybridized 
carbon atom. In contrast, anion 3 is highly stabilized by resonance, as shown here. Notice that the negative 
charge is spread over many locations, including two oxygen atoms. 
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3. Induction. The anionic oxygen in 2 is stabilized by the inductive effect of the nitrile nitrogen, the hydroxyl 
oxygen, and the ester oxygen atoms. However, each of these electronegative atoms are fairly far removed from 
the negative charge and thus probably play a minimal role in stabilizing 2. 
Anion 3 is also stabilized by the nitrile nitrogen and the other oxygen atoms in the molecule, but here the 
electronegative atoms are even more distant, thus the effects are even less than in 2. 


4.  Orbitals. Orbitals are not a relevant factor in this case. 


Recall that factors 1-4 are listed in order of priority. Thus, based on factor 2 (resonance), we would expect that anion 3 
should be significantly more stable than anion 2. The inductive effects that stabilize 2 are significantly less important 
than the resonance effects that stabilize 3. Therefore, the equilibrium should favor 3 over 2. 
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3.32. 

(a) Yes, because a negative charge on an oxygen atom will 
be more stable than a negative charge on a nitrogen atom. 
This proton transfer reaction is favorable because it 
produces a more stable (weaker) base. 


(b) Yes, because a negative charge on a nitrogen atom will 
be more stable than a negative charge on an sp?- 
hybridized carbon atom. This proton transfer reaction is 
favorable because it produces a more stable (weaker) 
base. 


(c) No, because this base is resonance-stabilized, with the 
negative charge spread over two oxygen atoms and one 
carbon atom. Protonating this base with water would 
result in the formation of a hydroxide ion, which is less 
stable because the negative charge is localized on one 
oxygen atom. This proton transfer reaction is NOT 
favorable because it would produce a /ess stable, stronger 
base. 


(d) Yes, because a negative charge on an oxygen atom 
will be more stable than a negative charge on a carbon 
atom. This proton transfer reaction is favorable because 
it produces a more stable (weaker) base. 


3.33. 

(a) No, water will not be a suitable proton source to 
protonate this anion, because the anion is resonance- 
stabilized and is more stable than hydroxide: 


eo OF 
ie T Bes 


A proton transfer reaction between this anion (as a base) 
and water (as an acid) is NOT favorable because it would 
produce a /ess stable, stronger base (hydroxide). 


(b) No, water will not be a suitable proton source to 
protonate this anion, because the anion is resonance- 
stabilized (with the negative charge being spread over two 
oxygen atoms) and is therefore more stable than 
hydroxide: 


A proton transfer reaction between this anion (as a base) 
and water (as an acid) is NOT favorable because it would 
produce a /ess stable, stronger base (hydroxide). 


3.34. The CH3CHo group in ethanol provides a small 
amount of steric bulk that is absent in water. As a result, 
hydroxide is better solvated and is therefore more stable. 
This improved solvation makes hydroxide a weaker base 
than ethoxide (CH3CH2O ). As such, water is more acidic 
than ethanol. Indeed, the pKa of water (15.7) is lower than 
the pKa of ethanol (16.0). 


3.35. 

(a) A lone pair of the oxygen atom attacks the aluminum 
atom. AlCl; functions as the Lewis acid by accepting the 
electrons, and the ketone functions as the Lewis base by 
serving as an electron-pair donor. 
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Lewis Lewis 
base acid 


(b) A lone pair of the oxygen atom (in the starting ketone) 
attacks a proton, as shown below. H3O" functions as the 
Lewis acid by accepting the electrons, and the ketone 
functions as the Lewis base by serving as an electron-pair 


donor. 
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Lewis Lewis 
base acid 


(c) A lone pair of a bromine atom in molecular bromine 
(Br2) attacks the aluminum atom. AlBr3 functions as the 
Lewis acid by accepting the electrons, and molecular 
bromine (Br?) functions as the Lewis base by serving as 
an electron-pair donor. 


Br 
Br 
| Ar Q.. 
Pam =— B-A- Br-Br 
Br Br k 
Lewis Lewis Br 
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(d) A lone pair on one of the oxygen atoms of the ester 
attacks a proton on H30*, as shown below. H:O* 
functions as the Lewis acid by accepting the electrons, and 
the ester functions as the Lewis base by serving as an 
electron-pair donor. 


ö 
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(e) A lone pair of the oxygen atom attacks the boron atom. R OF 
BF3 functions as the Lewis acid by accepting the Lut ..B^ 
electrons, and the ketone functions as the Lewis base by o TN E 95^ x 
serving as an electron-pair donor. zs * b = eS 
Fl ok 
Lewis Lewis 
base acid 


3.36. In compound 1, there are two oxygen atoms that bear lone pairs, and either location could certainly function as a 
Lewis base to donate an electron pair. But the problem statement indicates that the carbonyl (C=0) group interacts with 
AlCls. Let's explore why the carbonyl groups is the stronger Lewis base, by considering the structure of the complex 
that is obtained in each scenario. If the oxygen atom of the ether group (left) interacts with AlCls, the following complex 
is obtained: 


Cl 
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No resonance 
stabilization of the 
positive charge. 


Notice that the positive charge in this complex is not resonance stabilized. In contrast, if the oxygen atom of the C=O 
bond interacts with AlCl;, then the following resonance-stabilized complex is obtained: 
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As such, we expect the oxygen atom of the C=O group to interact with the AICl; to form the lower-energy, resonance- 
stabilized complex, shown above. The major contributor is the one that exhibits filled octets: 


e 
@ -Acis 


All other resonance structures exhibit a C+, which lacks an octet of electrons. Those resonance structures are less 


significant, and minor contributors to the resonance hybrid. 


3.37. 

(a) A conjugate base is produced when an acid loses a 
proton. The most acidic proton in the compound is the 
proton of the O-H group, because deprotonation at that 
location gives a conjugate base with a negative charge on 
the electronegative oxygen atom: 


OC) 


Formation of the most stable (weakest) conjugate base 
indicates the most acidic proton has been removed. 
Deprotonation at any other location would lead to a 
conjugate base with a negative charge on carbon (which 
is MUCH less stable). 


(b) A conjugate base is produced when an acid loses a 
proton. The most acidic protons are the four protons 
attached to the carbon atoms adjacent to the C=O group. 
Deprotonation at one of those locations gives a resonance- 
stabilized conjugate base: 


e o? 


Formation of the most stable (weakest) conjugate base 
indicates the most acidic proton has been removed. 
Deprotonation at any other location would lead to a 
conjugate base that is not resonance-stabilized, and 
therefore much less stable. 


(c) A conjugate base is produced when an acid loses a 
proton. Deprotonation of NH3 gives the following 
conjugate base: 


(d) A conjugate base is produced when an acid loses a 
proton. Deprotonation of H3O* gives the following 
conjugate base: 
pos 
H^ ^H 


(e) A conjugate base is produced when an acid loses a 
proton. The most acidic proton in the compound is the one 
attached to oxygen. Deprotonation at that location gives 
a resonance-stabilized conjugate base, in which the charge 
is spread over two electronegative oxygen atoms. 
Formation of the most stable (weakest) conjugate base 
indicates the most acidic proton has been removed. 


eo o? 
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Deprotonation of the sp?-hybridized carbon atom would 
lead to a resonance-stabilized conjugate base with a 
negative charge shared between carbon and oxygen. This 
is significantly less stable than a negative charge 
distributed between two oxygen atoms. 


(f) A conjugate base is produced when an acid loses a 
proton. The most acidic proton in the compound is the 
proton connected to nitrogen, because deprotonation at 
that location gives a conjugate base with a negative charge 
on the electronegative nitrogen atom: 


o 
Ede s 
Formation of the most stable (weakest) conjugate base 
indicates the most acidic proton has been removed. 
Deprotonation at any other location would lead to a 


conjugate base with a negative charge on carbon (which 
is less stable). 


(g) A conjugate base is produced when an acid loses a 
proton. Deprotonation of NH4* gives the following 
conjugate base: 


3.38. 

(a) A conjugate acid is produced when a base accepts a 
proton. Protonation occurs at the site bearing the negative 
charge, giving the following compound: 


ANZ 


(b) A conjugate acid is produced when a base accepts a 
proton. Protonation occurs at the site bearing the negative 
charge, giving the following ketone: 


(0) 


A 


(c) A conjugate acid is produced when a base accepts a 
proton. In this case, the base is H2N` (the sodium cation 
is simply a counterion, also called a spectator ion, and 
does not participate). Protonation of HoN' gives NH3, as 
shown below: 


(d) A conjugate acid is produced when a base accepts a 
proton. Protonation of H20 gives H307, as shown below: 


H 
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(e) A conjugate acid is produced when a base accepts a 
proton. One ofthe lone pairs ofthe oxygen atom can serve 
as a base. Protonation gives the following oxonium ion (a 
cation in which the positive charge is located on an 


oxygen atom): 
B H 
a 
06 
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(f) A conjugate acid is produced when a base accepts a 
proton. The lone pair of the nitrogen atom can serve as a 
base. Protonation gives the following ammonium ion (a 
cation in which the positive charge is located on a nitrogen 
atom): 
H H 
\/ 


N 
`H 


(g) A conjugate acid is produced when a base accepts a 
proton. One ofthe lone pairs of the oxygen atom can serve 
as a base. Protonation gives the following resonance- 
stabilized cation: 
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(h) A conjugate acid is produced when a base accepts a 
proton. In this case, the base is HO” (the sodium cation is 
simply a counterion, also called a spectator ion, and does 
not participate). Protonation of HO” gives H20, as show 
below: 


HH 


3.39. The difference in acidity between compounds A and 
B is 10 — 7 = 3 pKa units. Each pKa unit represents one 
order of magnitude (a power of 10), so compound A is 
103, or 1000 times more acidic than compound B. 


3.40. 

(a) A lone pair of the oxygen atom attacks the carbocation 
(C+), as shown below. The carbocation functions as the 
Lewis acid by accepting the electrons, and ethanol 
(CH3CH20H) functions as the Lewis base by serving as 
an electron-pair donor. 


H 
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(b) A lone pair ofthe oxygen atom attacks the boron atom. 
BF; functions as the Lewis acid by accepting the 
electrons, and ethanol (CH3CH2OH) functions as the 
Lewis base by serving as an electron-pair donor. 
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(c) A lone pair of a chlorine atom attacks the aluminum 
atom. AlCl; functions as the Lewis acid by accepting the 
electrons, and ethyl chloride (CH3CHoCI) functions as the 
Lewis base by serving as an electron-pair donor. 
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3.41. The amide ion (H2N7) is a strong base, and in the 
presence of H20, a proton transfer reaction will occur, 
generating hydroxide, which is a more stable (weaker) 
base than the amide ion (Factor #1: oxygen is more 
electronegative than nitrogen). The reaction will greatly 
favor products (ammonia and hydroxide). 


3.42. No, the reaction cannot be performed in the 
presence of ethanol, because the leveling effect would 


92 CHAPTER 3 


cause deprotonation of ethanol to form more-stable 
ethoxide ions (CH3CH20 ) (Factor #1: oxygen is more 
electronegative than nitrogen and carbon). The desired 
anion would not be formed under these conditions. 


3.43. No, water would not be a suitable proton source in 
this case. Note that the sodium cation (Na^) serves as a 
counterion. The anion is the conjugate base of a 
carboxylic acid, and the negative charge is resonance 
stabilized. A proton transfer reaction between this anion 
(as a base) and water (as an acid) is NOT favorable 
because it would produce a less stable, stronger base 
(hydroxide). Hydroxide is less stable (and thus more 
strongly basic) than the compound shown, because the 
negative charge in hydroxide is not resonance stabilized. 


3.44. 

(a) Water functions as a base and deprotonates HBr. Two 
curved arrows are required. The first curved arrow shows 
a lone pair of the base attacking the proton, and the second 
curved arrow comes from the H-Br bond (being broken) 
and goes to the bromine atom, as shown: 


H 
D | © 
L ode —_ u DH + Br 


(b) Water functions as a base and deprotonates sulfuric 
acid (H2SO4). Two curved arrows are required. The first 
curved arrow shows a lone pair of the base attacking the 
proton. The second curved arrow comes from the O-H 
bond (being broken) and goes to the oxygen atom, as 
shown: 
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(c) Water functions as a base and deprotonates this strong 
acid (See Table 3.1). Two curved arrows are required. 
The first curved arrow shows a lone pair of the base 
attacking the proton, and the second curved arrow comes 
from the O-H bond (being broken) and goes to the oxygen 
atom, as shown: 


3.45. 

(a) Water functions as an acid in this case, by giving a 
proton to the strong base, as shown below. Two curved 
arrows are required. The first curved arrow shows a lone 
pair of the base attacking the proton, and the second 
curved arrow comes from the O-H bond (being broken) 
and goes to the oxygen atom, as shown: 


AO WSs 2 hs, * “on 


(b) Water functions as an acid in this case, by giving a 
proton to the base, as shown below. Two curved arrows 


are required. The first curved arrow shows a lone pair of 
the base attacking the proton, and the second curved arrow 
comes from the O-H bond (being broken) and goes to the 
oxygen atom, as shown: 


LON © 
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(c) Water functions as an acid in this case, by giving a 
proton to the strong base, as shown below. Two curved 
arrows are required. The first curved arrow shows a lone 
pair of the base attacking the proton, and the second 
curved arrow comes from the O-H bond (being broken) 
and goes to the oxygen atom, as shown: 


9 
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(d) Water functions as an acid in this case, by giving a 
proton to the strong base, as shown below. Two curved 
arrows are required. The first curved arrow shows a lone 
pair of the base attacking the proton, and the second 
curved arrow comes from the O-H bond (being broken) 
and goes to the oxygen atom, as shown: 
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(a) The second anion is more stable because it has an 
allylic lone pair, and the negative charge is delocalized by 


resonance. 
pry — E 


(b) The second anion is more stable because the negative 
charge is on a more electronegative nitrogen atom (factor 
#1 of ARIO), rather than an sp? hybridized carbon atom. 


© 


ANS 


(c) The second anion is more stable because the negative 
charge is on an sp-hybridized carbon atom, rather than an 
sp?-hybridized carbon atom. 


3.47. 

(a) The second compound is more acidic, because its 
conjugate base (shown below) has a negative charge on a 
sulfur atom, which is more stable than a negative charge 
on an oxygen atom (factor #1 of ARIO), A more stable 
(weaker) conjugate base indicates a stronger parent acid. 


o 
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(b) The first compound (called phenol) is more acidic, 
because its conjugate base (shown below) is resonance 
stabilized (factor #2 of ARIO). A more stable (weaker) 
conjugate base indicates a stronger parent acid. 


Oo 


(c) The conjugate base for each of these compounds is 
resonance-stabilized (as in part b of this problem). The 
difference between these compounds is the presence of 
electron-withdrawing chlorine atoms. The fist 
compound is more acidic as a result of the combined 
inductive effects of the five chlorine atoms which stabilize 
the conjugate base shown below (factor #3 of ARIO). A 
more stable (weaker) conjugate base indicates a stronger 
parent acid. 


Cl Cl 


Cl Cl 
Cl 


(d) The second compound is more acidic, because its 
conjugate base (shown below) has a negative charge 
associated with an sp-hybridized orbital, while the first 
compound is less acidic because its conjugate base has a 
negative charge on a nitrogen atom. We learned that this 
example constitutes an exception to the order of priorities, 
ARIO. In this case, factor #4 (orbital) trumps factor #1 
(atom). This exception applies whenever we compare a 
negative charge on an sp-hybridized carbon atom and a 
negative charge on an sp?-hybridized nitrogen atom. 
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(e) The first compound is more acidic because its 
conjugate base (shown below) is resonance stabilized. 


e of 
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A more stable (weaker) conjugate base indicates a 
stronger parent acid. The conjugate base of the second 
compound is not resonance stabilized. 


(f) The first compound is more acidic because its 
conjugate base (shown below) is resonance stabilized, and 
one of the resonance structures has the negative charge on 
an electronegative oxygen atom. 


A more stable (weaker) conjugate base indicates a 
stronger parent acid. The conjugate base of the second 
compound is not resonance stabilized (the negative charge 
would be localized on a carbon atom). 


(g) The first compound is more acidic because its 
conjugate base (shown below) is resonance stabilized, and 
one of the resonance structures has the negative charge on 
an oxygen atom. 


A more stable (weaker) conjugate base indicates a 
stronger parent acid. The conjugate base of the second 
compound is not resonance stabilized (the negative charge 
would be localized on a carbon atom). 


(h) The second compound is more acidic because its 
conjugate base is resonance stabilized, with the negative 
charge being spread over two oxygen atoms (shown 
below). A more stable (weaker) conjugate base indicates 
a stronger parent acid. 


e Ò 
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The conjugate base of the first compound is also 
resonance stabilized, but the negative charge would be 
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spread over an oxygen atom and a nitrogen atom, which 
is less stable than being spread over two oxygen atoms 
(because oxygen is more electronegative than nitrogen, as pKa-5 
described in factor #1 of ARIO). 


H-B + N:P- H-A + NA IB 
pKa=15 


The equilibrium will favor the weaker acid (the acid with 
3.48. NaA represents an ionic compound, comprised of the higher pKa value). In this case, the equilibrium favors 
cations (Na*) and anions (A). When H-B is treated with formation of HA. 
A’, a proton can be transferred from H-B to A’, as shown 
in the following equilibrium: 


3.49. 

(a) Water (H2O) loses a proton and is therefore functioning as an acid. Two curved arrows must be drawn. The first 
curved arrow shows a lone pair of the base attacking the proton of water, and the second curved arrow comes from the 
O-H bond (being broken) and goes to the oxygen atom of water, as shown. To determine the position of the equilibrium, 
we compare the stability of the ions on either side of the equilibrium (the competing bases, in this case). Because of 
better solvation, hydroxide is the more stable anion. The base on the product side is the more stable (weaker) base. As 
such, the reaction favors the products, and the equilibrium lies to the right. 

Alternatively, we could compare the pKa values of the acids on either side of the equilibrium [H2O, 15.7 and 
(CH3)2CHOH, ~16] and we would arrive at the same conclusion. The acid on the product side is the more stable (weaker) 
acid. As such, the reaction favors the products, and the equilibrium lies to the right. 
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(b) Two curved arrows must be drawn. The first curved arrow shows a lone pair of the base attacking the proton, and 
the second curved arrow comes from the S-H bond (being broken) and goes to the sulfur atom, as shown below. To 
determine the position of the equilibrium, we compare the stability of the ions on either side of the equilibrium (the 
competing bases, in this case). A negative charge on a larger sulfur atom is expected to be more stable than the negative 
charge on an oxygen atom (factor #1 of ARIO). The base on the product side is the more stable (weaker) base. As such, 
the reaction favors the products, and the equilibrium lies to the right. 


Alternatively, we could compare the pKa values of the acids on either side of the equilibrium and we would arrive at the 
same conclusion. The acid on the product side is the more stable (weaker) acid. As such, the reaction favors the products, 
and the equilibrium lies to the right. 
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(c) Two curved arrows must be drawn. The first curved arrow shows a lone pair of the base (HS in this case) attacking 
the proton, and the second curved arrow comes from the S-H bond (being broken) and goes to the sulfur atom, as shown. 
To determine the position of the equilibrium, we compare the stability of the ions on either side of the equilibrium (the 
competing bases, in this case). The base on the right side of the equilibrium is resonance stabilized, with the negative 
charge being spread over two sulfur atoms. The base on the left side of the equilibrium is not resonance stabilized, and 
the negative charge is localized on one sulfur atom. The equilibrium favors the more stable (weaker) base, and the 
product side is favored. 
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stronger weaker 
base base 
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(d) Two curved arrows must be drawn. The first curved arrow shows a lone pair of the base (the nitrogen atom) attacking 
the proton, and the second curved arrow comes from the O-H bond (being broken) and goes to the oxygen atom, as 
shown. The equilibrium favors the product, which can be determined by comparing the stability of the ions on either 
side of the equilibrium (the competing bases, in this case). Factor £1 of ARIO indicates that the product is favored in 
this case, because a negative charge is more stable on an oxygen atom than a nitrogen atom. The equilibrium favors the 
more stable (weaker) base, and the product side is favored. 
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stronger base 


3.50. One of the anions is resonance stabilized, with the 
negative charge spread over two oxygen atoms. That 
anion is the weakest (most stable) base. Among the 
remaining three anions, they do not differ from each other 
in any of the four factors (ARIO), but they are expected to 
differ from each other in terms of solvent effects. That is, 
an anion will be less stable (stronger base) if it has steric 
bulk in close proximity with the negative charge. The 
steric bulk reduces the stability of the anion by limiting its 
ability to interact with solvent molecules, as described in 
Section 3.8. 


Increasing base strength 
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3.51. 

(a) The proton highlighted below is expected to be the 
most acidic, because deprotonation leads to a conjugate 
base in which the negative charge is associated with an sp- 
hybridized orbital. This case represents an exception to 
the ARIO priority scheme, because factor #4 (orbital) 
trumps factor #1 (atom). This exception applies whenever 
we compare a negative charge on an sp-hybridized carbon 
atom and a negative charge on an sp?-hybridized nitrogen 


atom. 
NH2 
=< 


(b) The proton highlighted below is expected to be the 
most acidic, because deprotonation leads to a conjugate 
base in which the negative charge is on a sulfur atom 
(more stable than being on an oxygen, nitrogen, or carbon 
atom, according to factor #1 of ARIO). Formation of the 


weaker base 


most stable (weakest) conjugate base indicates that the 
most acidic proton has been removed. 


H H 
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(c) The proton highlighted below is expected to be the 
most acidic, because deprotonation leads to a resonance- 
stabilized conjugate base. Formation of the most stable 
(weakest) conjugate base indicates that the most acidic 
proton has been removed. Removal of any of the other 
protons would lead to an anion that is not resonance 
stabilized. 


H (H 


(d) The proton highlighted below is expected to be the 
most acidic, because deprotonation leads to a resonance- 
stabilized conjugate base in which the negative charge is 
spread over two carbon atoms and one oxygen atom. 
Formation of the most stable (weakest) conjugate base 
indicates that the most acidic proton has been removed. 
Removal of any of the other protons would lead to an 
anion that is either not resonance stabilized or less 
resonance stabilized. 


(e) The proton highlighted below is expected to be the 
most acidic, because deprotonation leads to a resonance- 
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stabilized conjugate base in which the negative charge is 
spread over two oxygen atoms (factor #2 of ARIO). 
Formation of the most stable (weakest) conjugate base 
indicates that the most acidic proton has been removed. 
Removal of any other proton would lead to a less stable 
anion. 


(f) The proton highlighted below is expected to be the 
most acidic, because deprotonation leads to a resonance- 
stabilized conjugate base in which the negative charge is 
spread over one carbon atom and one oxygen atom (factor 
#2 of ARIO). Formation of the most stable (weakest) 
conjugate base indicates that the most acidic proton has 
been removed. Deprotonation of either of the other 
carbon atoms would lead to an anion that is not resonance 
stabilized, and therefore less stable. 


CH 
ae 3 


H|H 


(g) There are three carboxylic acid (CO2H) groups, each 
of which bears an acidic proton. Removing any one of 
these protons will result in a resonance-stabilized 
conjugate base. Among these three protons, the 
highlighted proton is the most acidic because of the 
electron-withdrawing effects of the nearby chlorine 
atoms. When this proton is removed, the conjugate base 
is stabilized not only by resonance, but also by induction 
(factor #3 of ARIO). Formation of the most stable 
(weakest) conjugate base indicates that the most acidic 
proton has been removed. 


Cl 
Cl 


HO 


(h) The highlighted proton is expected to be the most 
acidic, because deprotonation leads to a conjugate base in 
which the negative charge is on a large sulfur atom, which 
is more stable than being on an oxygen or carbon atom 
(factor #1 of ARIO). Formation of the most stable 
(weakest) conjugate base indicates that the most acidic 
proton has been removed. 


E 


3.52. In this case, we are assessing the relative acidity of 
two cationic acids: ROH2* and RNH3*. To compare the 


acidity of cationic acids, we compare the stability of the 
positive charges. We are comparing a positive charge on 
an oxygen atom with a positive charge on a nitrogen atom. 
As we have seen, nitrogen is better at stabilizing a positive 
charge (compared with oxygen), because nitrogen is less 
electronegative than oxygen. With O* being less stable 
than N^, we conclude that ROH»* is a stronger acid than 
RNHs'. So the most acidic proton in this structure is 
connected to the positively charged oxygen atom. 


Hoe ANNAN LH 
oF N 
H H H 


3.53. 
(a) Ammonia is protonated by HCI to give an ammonium 
ion, as shown: 


gC ada n 
— zs 
H 


o 


(b) There are two nitrogen atoms in DBN. One of the 
lone pairs is delocalized via resonance: 


qo-a- 


Delocalized 
lone pair 


while the other lone pair is localized: 


Localized 
lone pair 


Gr 


The localized lone pair is more available to function as a 
base, and protonation at that location leads to the 
following resonance-stabilized cation: 


H H 


Resonance-stabilized 


Protonation of the other nitrogen atom would lead to a 
conjugate acid that is not resonance stabilized. 


(c) When we compare the two conjugate acids to each 
other, we find that the conjugate acid of DBN is more 
stable (because the charge is delocalized by resonance). 
A more stable (weaker) conjugate acid indicates a stronger 
parent base, and therefore, DBN is expected to be a 
stronger base than NH3. 


i 
HN 
H 


Conj. acid of NH3 
stronger acid 


NH3 
weaker base 
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H 


NS 


CE) 


Conj. acid of DBN 
weaker acid 


ee 


DBN 
stronger base 


3.54. In each case, the lone pair on the nitrogen atom is delocalized via resonance throughout the ring. 


FO — Oa MORRO 
/ SE d; / sm n2 A 
H Q H N H WV H 

1 V 


N <> ON ^ <> ON o 
H G Ho A H 
2 V ‘ 
H for HOS or 
H N 


But compound 2 has additional delocalization of electrons that compound 1 lacks, because of the additional resonance 


structure shown below: 


ji 20 
H O: H Hen 
e HE — ee OX 
H H 

2 


Therefore, the lone pair on the nitrogen atom in compound 2 is less available to function as a base, rendering compound 


2 a weaker base than compound 1. 


3.55. The correct answer is (c). We begin by drawing methyl magnesium bromide (CH3MgBr): 


H 


| 
H=Ẹ=MgBr 


H 


The difference in electronegativity between C and Mg is so great, that the C-Mg bond is sometimes drawn as ionic: 


H 


| 
ur MO = 


H 


1 
H-c9 © MgBr 
H 
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A carbanion (negative charge on C) is highly unstable. That is, the carbanion is a very strong base. However, as a result 
of the leveling effect, a base stronger than hydroxide is not possible in the presence of water. When treated with water, 
the carbanion will be irreversibly protonated, giving the more stable (weaker) hydroxide base (highlighted below). 


H 

| | 
HEP e NS —*- W-6-H + (oH 

H H 


3.56. The correct answer is (a). We compare the ions on either side of the equilibrium (the competing bases, in this case). 
On the left side, the base is an amide ion (H2N ), which has a negative charge localized on a nitrogen atom. On the right 
side, the base is a resonance-stabilized anion, with the negative charge being delocalized: 


d, do Fob 2 


A negative charge is more stable when it is delocalized, and in the case, the charge is spread over two oxygen atoms. 
The base on the product side is the more stable (weaker) base. As such, the reaction favors the products, and the 
equilibrium lies to the right. 


3.57. The correct answer is (c). A more stable (weaker) conjugate base indicates a stronger parent acid. 

The conjugate base of (a) is HS , which is more stable than HO’, because of factor #1 (the negative charge is more stable 
on a larger atom). Therefore, H2S is expected to be more acidic than H2O. 

The conjugate base of (b) is resonance stabilized, with the negative charge being spread over two oxygen atoms: 


SO 
:0: 


es 
Xe DE As 


This resonance-stabilized anion is more stable (and a weaker base) than hydroxide. Therefore, (b) is more acidic than 
water. 

Answer (d) is also more acidic than water, because its conjugate base is resonance-stabilized, with the negative charge 
delocalized over two oxygen atoms: 


pt (NS (p. - p= 2 


As a result of solvent effects, (c) tert-butanol is less acidic than water. 


3.58. The correct answer is (d). Each of the first three structures has at least one lone pair and can therefore function as 
a Lewis base: 


H 

| 1 
H—C—OH H^ ^g N 

E H/H 


The final structure (CH4) does not possess a lone pair, and therefore cannot function as a Lewis base. 


3.59. The correct answer is (b). The highlighted proton 
in compound I (below) is the most acidic proton. When 
this proton is removed, the resulting conjugate base is 
stabilized by the electron-withdrawing effects of the 
electronegative fluorine atom. The conjugate base of acid 
III is also stabilized by an electron-withdrawing group, 
but chlorine is less electronegative than fluorine, so the 
effects are smaller. The least stable conjugate base comes 
from deprotonating acid II. In the conjugate base of acid 
II, the chlorine atom is farther away from the negative 
charge, so the electron-withdrawing effects are the 
smallest. The least stable conjugate base (the strongest 
conjugate base) has the weakest parent acid. When 
arranged from the weakest acid to the strongest acid, the 
answer is: II < III < I. 


CICH/CHCO$H) < CICHCOLH) < FCH;COH 


ll Iil l 
weakest acid strongest acid 


3.60. The correct answer is (d). In this example, we are 
comparing the stability of the conjugate bases, Cl” and 
Br, which appear in the same column of the periodic 
table. In such a case, electronegativity is not the dominant 
effect. Instead, the dominant effect is size. Bromine is 
larger than chlorine and can therefore better stabilize a 
negative charge by spreading the charge over a larger 
volume of space. As such, Br' is the more stable (weaker) 
conjugate base, and it has the stronger parent acid. 
Therefore, HBr is a stronger acid than HCl. 


3.61. The correct answer is (d). Proton D (highlighted 
below) is the most acidic proton. Deprotonation at this 
position leads to a conjugate base in which the negative 
charge is associated with an sp-hybridized orbital (which 
is more stable than being associated with an sp?- or sp?- 
hybridized orbital). Formation of the most stable 
(weakest) conjugate base indicates that the most acidic 
proton has been removed. 


3.64. 
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H He 
(-6—6zc-H 
H—G Chs 
H 


3.62. The correct answer is (c). Removing a proton from 
compound X results in an anion that is not resonance- 
stabilized, while removing a proton from compound Y 
results in an anion that is resonance-stabilized. The more 
stable conjugate base (the weaker conjugate base) has the 
stronger parent acid, and therefore compound Y is the 
stronger acid. 


(6) 
~~ ZOH zd 
ng H^ "gH 
X Y 
m3 H* i. H* 
O "s 
o EE Je 
Ho? T iid 
H O 
conjugate conjugate 
base of X base of Y 


stronger base weaker base 


3.63. The correct answer is (a). Carbon, nitrogen and 
oxygen are in the same row of the periodic table, so we 
must compare their electronegativity values. Oxygen is 
the most electronegative and can best stabilize the 
negative charge. Carbon is the least electronegative and 
is the least effective at stabilizing the negative charge. 
Nitrogen has an electronegativity value between that of 
carbon and oxygen, so it has an intermediate ability to 
stabilize the negative charge. As such, the carbanion is 
the least stable, strongest base. 


[6] o9 
Sapte LM 
o9 
weakest strongest 
base base 


(a) Acetic acid (CH3CO?H) loses a proton and is therefore functioning as an acid. Hydroxide (HO ) functions as the base 
that removes the proton. Two curved arrows must be drawn. The first curved arrow shows a lone pair of the base 
attacking the acidic proton, and the second curved arrow comes from the O-H bond (being broken) and goes to the 
oxygen atom, as shown. The equilibrium favors the products, because the base on the right side of the equilibrium is 
resonance stabilized and therefore more stable than a hydroxide ion. The equilibrium favors the more stable (weaker) 
base. Alternatively, we could compare the pK; values of the acids on either side of the equilibrium and we would arrive 
at the same conclusion (the equilibrium will favor the products in this case because the equilibrium favors the weaker 


acid). 
(0) 
SS O, 
M—— pu + H ^ H 


weaker base 


+ OH 


stronger acid stronger base weaker acid 
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(b) Water (H20) loses a proton and is therefore functioning as an acid. The carbanion (an anion in which the negative 
charge is on a carbon atom) functions as the base that removes the proton. Two curved arrows must be drawn. The first 
curved arrow shows a lone pair of the base attacking the proton, and the second curved arrow comes from the O-H bond 
(being broken) and goes to the oxygen atom, as shown. The reaction favors the products, because hydroxide is more 
stable than a carbanion (factor #1 of ARIO). Alternatively, we could compare the pKa values of the acids on either side 
of the equilibrium and we would arrive at the same conclusion (the reaction favors the products). In fact, the pKa values 
of H20 (15.7) and C4Hio (~50) are so vastly different that the reaction is essentially irreversible. 


ANZ 


stronger base 


©) 
ANZ ; OH 


weaker acid 


pom 
HQCH 


stronger acid weaker base 


(c) Hydroxide (HO ) functions as a base and removes a proton from the acid. Two curved arrows must be drawn. The 
first curved arrow shows a lone pair of the base attacking the proton, and the second curved arrow comes from the C-H 
bond (being broken) and goes to the carbon atom, as shown. 


O O 
O.. 
+ ‘OH — 
© us 
Psik stronger base 


stronger acid 


O i9) 


weaker base weaker acid 


Notice that the conjugate base is resonance stabilized, so its formation can alternatively be shown with more than two 
curved arrows (leading directly to the resonance structure that contributes the most character to the overall resonance 
hybrid). 


co i9) O i9) 


©.. 
+ :OH == 
z ja ae base 


stronger acid 


weaker base weaker acid 


The equilibrium favors the products, because the base on the right side of the equilibrium is resonance stabilized, with 
the negative charge spread over two oxygen atoms. This is more stable than the negative charge being localized on one 
oxygen atom, as in hydroxide. The equilibrium favors the more stable (weaker) base. Alternatively, we could compare 
the pKa values of the acids on either side of the equilibrium and we would arrive at the same conclusion. That is, the 
equilibrium will favor the products in this case because the equilibrium favors formation of the weaker acid (H20). 


3.65. Each of the carbon atoms is tetravalent; the sulfur 
atom is divalent; and each of the hydrogen atoms is 
monovalent. We begin by connecting the atoms that have 
more than one bond (in this case, the two carbon atoms 
and the sulfur atom). There are only two different ways 
that these three atoms can be connected to each other, 
shown below: 
C—S-C C-C-S 

For each of these arrangements, we connect the hydrogen 
atoms, giving the following two constitutional isomers: 


P PANIS 


The second isomer is more acidic because deprotonation 
of that isomer gives a conjugate base with a negative 
charge on a sulfur atom. A more stable (weaker) 
conjugate base indicates a stronger parent acid. The first 
compound above is less acidic, because its conjugate base 
would have a negative charge on a carbon atom, which is 
much less stable (factor #1 of ARIO). 


3.66. There are three constitutional isomers with the 
molecular formula C3HsO, shown here: 


OH 


zs 


One of these compounds lacks an O-H group, so that 
compound will be the least acidic (its conjugate base will 


SS Soi Os. 


have an unstable negative charge on a carbon atom). Of 
the two remaining compounds, the compound with the 
least branching will be the most acidic, because its 
conjugate base is the most stable (due to better solvating 
effects, discussed in Section 3.8). A more stable (weaker) 
conjugate base indicates a stronger parent acid. 


Increasing acidity 


» 


LOS on NSH 


weakest acid strongest acid 


3.67. 

(a) A carbon atom must have four sigma bonds in order 
to be sp? hybridized. There is only one such carbon atom 
in cyclopentadiene, highlighted below. 


H H 


(b) The most acidic proton in cyclopentadiene is 
highlighted below: 


H (H 


The corresponding conjugate base is highly resonance 
stabilized, as shown in the solution to part (c), below. In 
addition, the conjugate base is further stabilized by yet 
another factor that we will discuss in Chapter 18. 
Formation of the most stable (weakest) conjugate base 
indicates that the most acidic proton has been removed. 


(c) Deprotonation of cyclopentadiene gives a conjugate 
base that is highly stabilized by resonance, as shown here: 


ae Q-Y 
| 


O = & 


(d) There are no sp?-hybridized carbon atoms in the 
conjugate base. All five carbon atoms are sp? hybridized. 


(e) In order to be delocalized via resonance, the lone pair 
must occupy a p orbital, and therefore, all carbon atoms 
must be sp? hybridized and trigonal planar. Therefore, the 
entire compound has planar geometry. 
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(f) There are five hydrogen atoms in the conjugate base. 


H 


Gog 
H =H 


(g) As seen in the resonance structures (see the solution 
to part c of this problem), there is one lone pair in the 
conjugate base, and it is highly delocalized. 


3.68. We begin by drawing the conjugate base of each 
compound and comparing them: 


(0) 


Ag 


The first conjugate base is stabilized by resonance, while 
the second conjugate base is not. However, the second 
conjugate base exhibits a negative charge on a sulfur 
atom, which is larger than an oxygen atom. Therefore, 
there is a competition between two factors. Using the 
ARIO order of priority that is generally applied (“atom” 
is more important than *resonance"), we would expect 
that the second conjugate base should be more stable than 
the first. Yet, when we compare the pKa values, we find 
that our prediction is not correct. Therefore, this is an 
exception, in which “resonance” is more important than 
"atom." 


ZOOM £ 


3.69. In an intramolecular acid-base reaction, a proton is 
transferred from one region of the molecule to another 
region within the same molecule, because the acid and 
base are tethered together, as in this case. 


O O 
ots aa 
- OH 
95 


The equilibrium favors the product shown, because the 
negative charge in the product is resonance-stabilized 
(factor 2), while the negative charge on the reactant is not. 
The reaction will therefore favor the formation of a 
weaker base from a stronger one. 


3.70. The stronger acid has a more stable, (weaker) 
conjugate base. Two possible explanations for the 
increased acidity of salicylic acid can be given: 

1) In each compound, the carboxylic acid proton (CO2H) 
is the most acidic proton. In salicylic acid, the inductive 
effect (electron-withdrawal) of the OH group is expected 
to be more pronounced because of its proximity to the 
negative charge in the conjugate base. 

2) When salicylic acid is deprotonated, the resulting 
conjugate base can be significantly stabilized by 
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intramolecular hydrogen bonding (this explanation is 
likely more significant than the first explanation): 


(0) 


—H 


3.71. 

(a) We are looking for a constitutional isomer with a 
highly acidic proton. The following two compounds are 
both carboxylic acids, and in each case, the conjugate base 
is resonance stabilized, with the negative charge being 
spread over two oxygen atoms. Carboxylic acids typically 
have a pKa in the range of 4-5, while the alcohol shown in 
the problem statement is expected to have a pKa in the 
range of 16-18. Therefore, the structures shown here 
satisfy the criteria described in the problem statement 
(they are both expected to be approximately one trillion 
times more acidic that the structure shown in the problem 
statement). 


P or 
OH OH 


(b) The structure shown in the problem statement has an 
O-H group, and that proton is the most acidic proton in the 
compound. If we draw a constitutional isomer that lacks 
an O-H group, we would expect the resulting isomer to be 
significantly less acidic. The following two compounds 
fit this criterion. There are certainly many other 
constitutional isomers that also lack an O-H group, so 
there are many correct answers to this problem. 


De & 


(c) Each of the following two isomers are expected to have 
a pK; value that is similar to the pKa of the structure shown 
in the problem statement, because each of these 
compounds possesses an alcohol O-H group. There are 
certainly many other constitutional isomers that also 
contain an O-H group, so there are many correct answers 
to this problem. 
OH 


OH 
cf 2G 
Oo 


3.72. The four constitutional isomers are shown below. 


NO; 
Fu Pp 
We; 


xN ONG, 


The last compound is expected to have the highest pKa (it 
is the weakest acid) because its conjugate base is not 
resonance stabilized. The other three compounds have 
resonance-stabilized conjugate bases, for example: 


29 9 © 
T d > gS Noo 
li | 
o? 05 


Note that each of the first three compounds has at least 
one hydrogen atom on the carbon directly attached to the 
nitro group, allowing for the formation of a resonance- 
stabilized conjugate base such as the one above. In the 
last compound, the carbon attached to the nitro group has 
no attached hydrogen atoms. A less stable (stronger) 
conjugate base indicates a weaker parent acid (higher 
pKa). 


3.73. Compare the conjugate bases: 


Both are resonance stabilized. But the conjugate base of 
the first compound has a negative charge spread over two 
nitrogen atoms, as well as two carbon atoms: 


fe 
N: 
CPB e - 


The conjugate base of the second compound has a 
negative charge spread over one nitrogen atom and three 
carbon atoms: 


No 


Since nitrogen is more electronegative than carbon, 
nitrogen is more capable of stabilizing a negative charge. 
Therefore, the conjugate base of the first compound is 
more stable than the conjugate base of the second 
compound. A more stable (weaker) conjugate base 
indicates a stronger parent acid. As a result, the first 
compound will be more acidic. 


3.74. 

(a) The two most acidic protons are labeled Ha and Hb. 
Deprotonation at either site will lead to a resonance- 
stabilized anion in which the negative charge is highly 
delocalized (spread over many M: atoms). 


E isdem 


rilpivirine 


N 


(b) Hais expected to be slightly more acidic than Hb, 
because removal of Ha produces a conjugate base that has 
one more resonance structure than the conjugate base 
formed from removal of Hv. The conjugate base from the 
removal of Ha has the negative charge spread over four 
nitrogen atoms and five carbon atoms, while the conjugate 
base from the removal of H» has the negative charge 
spread over four nitrogen atoms and four carbon atoms. 
Formation of a more stable (weaker) conjugate base 
indicates the more acidic proton has been removed. 


3.75. 
(a) When R is a cyano group, the conjugate base is 
resonance stabilized: 


This resonance stabilization is not seen when R is an alkyl 
group. A more stable (weaker) conjugate base indicates a 
stronger parent acid (lower pKa). 


(b) There are many possible answers. Here is one 
example. It is expected to be more acidic, because its 
conjugate base is more stable (the negative charge would 
be spread over three nitrogen atoms, rather than just two 
nitrogen atoms): 


3.76. 

(a) The positively charged structure serves as the acid, 
while the lone pair on the nitrogen atom serves as the base. 
Two curved arrows are required. The first curved arrow 


CHAPTER 3 103 


shows a lone pair of the base attacking the proton, and the 
second curved arrow comes from the O-H bond (being 
broken) and goes to the oxygen atom, as shown: 


Conjugate Base ^v^ ^ Conjugate Acid 


(b) Using Table 3.1, we see that oxonium ions have a pKa 
of approximately -2, while ammonium ions have a pKa of 
approximately 9.3. Therefore, we expect the oxonium ion 
labeled “Acid” above to be far more acidic than the 
ammonium ion labeled “Conjugate Acid” above. The 
acid on the product side is the more stable (weaker) acid. 
As such, the reaction favors the products, and the 
equilibrium lies in the forward direction. 


3.77. Let's estimate the relative acidity of the protons in the compound by comparing them to similar acids in Table 3.1. 
We focus on the protons directly bound to electronegative heteroatoms (O, N, etc.) and protons bound to sp-hybridized 
carbon atoms. Three of the four most acidic protons are directly comparable to acids in Table 3.1. Note that the pKa 
values shown are not meant to be precise (due to other structural factors that can affect these values), but rather, they 


should be considered as rough approximations. 


Similar to CH4CO;H 
predicted pK, ~4.75 


COH IL Similar to HCCH 
IY predicted pK, ~25 
H;N N p ues. 
ili NH 


Similar to NH3 
predicted pKa ~38 


4.75 < predicted pKa < 19.2 
(see text below for explanation) 
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The proton on the nitrogen atom adjacent to the C=O group is also a good candidate for one of our four most acidic 
protons, because it is bound to an electronegative atom (nitrogen). In this case there is no obvious acid to be used for 
comparison in Table 3.1. However, we can still make a reasonable prediction of pKa range by using our knowledge of 
the relationship between structure and acidity. First of all, we can predict that the pKa of the indicated proton is greater 


than 4.75 by making the following comparison: 


o 
(0) (0) 
ER A 
(0) (0) 
This anion has twò resonance 


structures, each with a negative 
charge on oxygen. 


[The pKa of the conjugate acid 
of this anion is 4.75] 


O o? 
JT oA 


In this case, the negative charge is shared between 
nitrogen and oxygen. Therefore, this anion is 
predicted to be /ess stable than the anion to the left. 
(Nitrogen is less electronegative than oxygen, so it 
is not as stable with a negative charge.) 


[The pKa of the conjugate acid of this anion is 
predicted to be 74.75] 


A second comparison with another molecule in Table 3.1 allows us to predict that the pKa of the proton of interest might 


be lower than 19.2. 


© 
oO oO 
P x S 
© 
This anion has two resonance 
structures, with the negative 


charge spread over carbon and 
oxygen. 


[The pKa of the conjugate acid 
of this anion is 19.2] 


Wy AS 


In this case, the negative charge is shared between 
nitrogen and oxygen. This anion is predicted to be 
more stable than the anion to the left. (Nitrogen is 
more electronegative than carbon and therefore 
more stable with à negative charge.) 


[The pKa of the conjugate acid of this anion is 
predicted to be «19.2] 


After determining the approximate pK; values for each of the four most acidic protons, we can now rank them in order 
of increasing acidity. Recall that the lowest pKa value is associated with the most acidic proton: 


Increasing acidity 


D C B 
(pKa 738) (pKa ~25) pKa (5-19) 
Least acidic 


A 
Į 
= CO;H o 3 
A E 
(pKa 74.75) H VW ee ji 
N 2 H N 
Most acidic it $ Sy 
R B 


It should be noted that our prediction for the pKa range of proton B was not entirely accurate. This type of proton is 
part of a group called a carbamate group, and this type of proton generally has a pKa just above 20. Our estimate (pKa 
between 5 and 19) was not accurate because our analysis did not take into account the effect of the additional oxygen 
atom (next to the C=O bond). Nevertheless, our predicted relative order of acidity is still correct. 


3.78. All significant resonance structures for anion 1 are 
shown here: 


Ó 


m O 
O O 
oo 2 G 
ed a o OY 
oe 
Oo ^w 
PNA 


Only one of these structures has the negative charge on an 
oxygen atom. The other resonance structures have a 
negative charge on a carbon atom. Since oxygen is more 
electronegative than carbon, oxygen is more capable of 
stabilizing the charge. Therefore, the following resonance 
structure is the most significant and will contribute the 
most character to the resonance hybrid. The other 
resonance structures are all less significant. 


o9 


ey 


o^ ^x 


ZA o^ 


major contributor 


3.79. 

(a) As seen in Table 1.1, the electronegativity value for 
carbon is 2.5, while the electronegativity value for 
magnesium is only 1.2. The difference (1.3) is significant, 
and as explained in Section 1.5, this bond can be drawn as 


either covalent or ionic: 
MgBr @MgBr 
X = oh 


3 3 


When drawn with an ionic bond, the anion exhibits a 
negative charge on a carbon atom (called a carbanion), 
which is a very strong base (because it is the conjugate 
base of a very, very weak acid). If compound 3 were 
treated with H20, we would expect the following proton- 
transfer reaction: 


MgBr 


AC E. 


Ka = 15.7 Ka = 50 


HO MgBr 
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This reaction would be essentially irreversible as a result 
of the enormous difference in pKa values (see Table 3.1). 
Ina similar way, if compound 3 is treated with D2O, rather 
than H20, the following reaction occurs, in which a 
deuteron (rather than a proton) is transferred: 


MgBr 
pae x Q^ Sacs A 


Do" MgBr 


(b) As explained in Section 14.3, signals associated with 
the stretching of single bonds generally appear in the 
fingerprint region of an IR spectrum (400 — 1500 cm), 
while signals associated with the stretching of double 
bonds and triple bonds appear in the diagnostic region 
(1500 — 4000 cm''). Notable exceptions are C-H bonds, 
which produce high-energy signals in the diagnostic 
region (2800 — 3000 cm'!). This is explained in Section 
14.3, by exploring the following equation, derived from 
Hooke's law: 


mmo 
reduced mass = | ——— 
my+ Mo 


Specifically, mass is found in the denominator, rather than 
the numerator, and as such, atoms with lower mass 
produce higher energy signals. Hydrogen has the smallest 
mass of all atoms, which explains why C-H bonds appear 
in the range 2800 — 3000 cm"!. Extending this logic, a C- 
D bond is also expected to produce a higher energy signal, 
although not quite as high as C-H, because D has greater 
mass than H. So, we expect the C-D signal to appear 
somewhere below 2800 cmr!, but still within the 
diagnostic region (greater than 1500 cm'!). There is only 
one signal in the IR spectrum of compound 4 that fits this 
description, and that is the signal at 2180 cmr!. 

Also, 2180 cm”! is in the region of the IR spectrum where 
signals for triple bonds are expected to appear (2100 — 
2300 cm'!). But we know that compound 4 lacks a triple 
bond. So this signal must be attributed to something else, 
and the C-D bond is the only candidate, because the C-H 
bonds appear in the range 2800 — 3000 cm'! and the C-C 
bonds appear in the range between 1250 and 1500 cm'!. 


3.80. 

(a) The lone pair in compound 4 functions as a base and 
deprotonates intermediate 3. This requires two curved 
arrows, as shown: 
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(b) If we consult Table 3.1, we find the following entries 
to be used for reference: 


H 

NS 
@o-+H (Ng 
a = 


pKa —1.74 pKa 5.3 

Notice that the first cation (an oxonium ion) has a pKa 
value of -1.74, while the second cation (a pyridinium ion) 
has a pKa value of 5.3. The difference between them is 
seven pXa units. In other words, an oxonium ion is 
approximately 10" (or 10,000,000) times more acidic than 
a pyridinium ion. Since a proton transfer step will proceed 
in the direction that favors the weaker acid, we expect 
compound 4 to be successful in deprotonating 
intermediate 3 to give compound 5. 


(c) The conversion of 1 to 5 involves the loss of an alcohol 
O-H bond. That is, the IR spectrum of compound 1 should 
exhibit a broad signal between 3200 and 3600 cm", due 
to the O-H stretching vibration. This signal is expected to 
be absent in the IR spectrum of compound 5, which lacks 
an O-H bond. This can be used to verify that the desired 
reaction has occurred. Specifically, the disappearance of 
the O-H signal indicates the conversion of 1 to 5. 


3.81. 

(a) One of the lone pairs on the ketone group functions as 
a base and abstracts a proton from p-TsOH. Two curved 
arrows are required, as shown: 


° $ 
m 
om 
n=O 


o 


G 


| 


(b) Consult the pKa table in the front endsheet of the 
textbook. Benzenesulfonic acid has a pKa of —0.6: 


Il 
(6) 
benzenesulfonic acid 
pKa= -0.6 


p-TsOH is structurally similar to benzenesulfonic acid 
(the only difference is the presence of a methyl group), 


Orpen wpe 


eae arr acid missed acid 

so we expect the pKa of p-TsOH to be somewhere near 
—0.6. In contrast, the protonated ketone will have a pKa 
that is approximately —7.3 (as seen in Table 3.1). 


e 
OH 


O- 


As such, the protonated ketone is more acidic, which 
means that the equilibrium will not favor the protonated 
ketone. That is, there will be very little protonated ketone 
present at any moment in time. In Chapter 19, we will see 
that the presence of even a catalytic amount of protonated 


ketone is sufficient to achieve the transformation shown 
in the problem statement. 


3.82. 

(a) If we take the structure of 1, as drawn, and rotate it 
180 degrees, the same image is obtained. As such, there 
are only four different locations (rather than eight) where 
deprotonation can occur. 


Ow UN 
H H 
H N So 
H 
H 
mA i 


The most acidic proton is the one whose removal 
generates a resonance-stabilized conjugate base. 


On N 
H H 
N^ So 
1 
| Lon 
o 
ow LN O. LN 
ce E oo a 
N^ So N^ So 
|: 2 J 


Formation of a more stable (weaker) conjugate base 
indicates the most acidic proton has been removed. 


(b) pKa values: Comparing the pKa values at the front of 
the textbook, we see that amines (pKa ~ 38-40) are 
significantly less acidic than ketones (16—19), or esters 
(24-25), both of which bear an acidic proton on the carbon 
atom connected to the C-O group, allowing for a 
resonance stabilized conjugate base. 


Ò Ò 
A cs 
H H 
pKa ^ 16-19 


pKa ~ 24-25 


With this in mind, it is reasonable to expect the following 
proton of an amide to exhibit a lower pĶa than an amine: 
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(0) 


Ane, 


H 


As such, the conjugate base of this compound should be 
more stable than the conjugate base of an amine. 
Therefore, LDA should be strong enough to remove a 
proton from compound 1. 


Structural comparison: Compare the structures of the 
anions. LDA exhibits a negative charge that is localized 
on a nitrogen atom. In contrast, the conjugate base of 1 is 
resonance-stabilized, with a major resonance contributor 
that places the negative charge on the more 
electronegative oxygen atom. As such, the conjugate base 
of 1 is more stable than LDA, so LDA should be a suitable 
base. 


(c) LDA functions as a base and deprotonates compound 
1. This proton transfer step can either be drawn with two 
curved arrows, like this, 


Ag 
[^ 

Cat 
rH 


cs 
4 
ide 


z 
| 
x 
+ 
z 
ort 
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3.83. 

(a) As seen in the previous problem, LDA (compound 2) is a very strong base because it has a negative charge on a 
nitrogen atom (much like NaNH2). So it will deprotonate compound 1 to give an anion. The most acidic proton in 
compound 1 is connected to the carbon atom adjacent to the C=O bond, since deprotonation at that location generates a 
resonance-stabilized, weak conjugate base: 


H3CO H3CO H3CO 
y Ly 1 
2 Mn, © 2 
[9] wake C NE A wake -«—- Ô " 
H 


3a 3b 


H 1 


(b) Anion 3 is produced via a proton transfer step, in which the base removes a proton from compound 1. The mechanism 
for this step requires at least two curved arrows: 


H3CO, H3CO, 


9 —O 
: ds — Gia ae Aw 
o 4 
2 O 3a 


Notice that these two curved arrows lead to resonance structure 3a. Alternatively, the mechanism can be drawn with 
three curved arrows, which leads to resonance structure 3b: 


HCO HCO 
= —O 
4) "m, p EN O ^^ ma ake 
[9] E .N. ———— [9] NS Ne 
H 


1 2 3b 


To evaluate the position of equilibrium for this process, we compare the pKa values for the acid on either side of the 
equilibrium (compound 1 on the left, and R2NH on the right). Clearly, we are not going to find the structure of compound 
1 in Table 3.1. However, we can see from Table 3.1 that a proton connected to a carbon atom adjacent to the C=O bond 
of a ketone typically has a pK. of approximately 19. In contrast, an amine is expected to have a pKa near 38: 


pK, ~ 19 pK, ~ 38 


Notice that a ketone is significantly more acidic than an amine. The difference in acidity is approximately 19 pKa units. 
In other words, a ketone is expected to be approximately 10!? times (10,000,000,000,000,000,000 times) more acidic 
than an amine. Since the difference is so large, we can treat this proton transfer step as essentially irreversible. 


(c) Compound 6 bears a negative charge on a nitrogen atom, which is generally fairly unstable. However, this anion is 
stabilized by several factors. The charge is delocalized into the neighboring triflate (Tf) group via resonance: 
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And the charge is further delocalized into the ring via resonance: 


In total, the negative charge is spread over three carbon atoms, one nitrogen atom, and two oxygen atoms. The charge is 
therefore highly delocalized. 

In addition, the electronegative fluorine atoms in the triflate group withdraw electron density via induction, thereby 
stabilizing the negative charge even further. As such the negative charge in this case is stabilized by resonance as well 
as induction, and is therefore highly stabilized. 


3.84. The conjugate base of compound 5 possesses many resonance contributors. The negative charge can be delocalized 


into both aromatic rings and so the conjugate base is highly stabilized. Notice, however, that the placement of the negative 
charge is exclusively on carbon atoms in the ring and never on an electronegative atom such as an oxygen atom that could 


better stabilize the charge. 
o 
> <> <> etc. 
ELT ELI 
e 


etc. 


We now have to contend with two competing arguments: on the one hand, the conjugate base of 6, with a resonance 
structure in which the negative charge is on an oxygen atom, should be more stable than the conjugate base of 5 (which 
lacks such a resonance structure). On the other hand, the conjugate base of 5 has more resonance structures (seven) than 
the conjugate base of 6 (which has only five resonance structures). In other words, is it better to spread a negative charge 
over seven carbon atoms or to spread the negative charge over four carbon atoms and an oxygen atom? The given table 
of pKa values offers guidance on this question. It is apparent that compounds 1 and 3 represent the comparison we are 
asked to make in this problem. Recall that the stronger acid has a more stable (weaker) conjugate base. The conjugate 
base of compound 1 involves delocalization of the negative charge into the C=O group, while that of compound 3 will 
involve the aromatic ring. From the given pKa values, we see that compound 1 is the stronger acid. So, compared to the 
phenyl group in 3, the C=O group in 1 better stabilizes the negative charge in the conjugate base. It is reasonable to 
conclude that the same trend must hold when comparing the acidities of 5 and 6. Therefore, the C=O group of the 
conjugate base of 6 is better able to stabilize the negative charge than the phenyl group of the conjugate base of 5, despite 
the fact that there are overall more resonance contributors in the conjugate base of 5. 


Chapter 4 
Alkanes and Cycloalkanes 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 4. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


Hydrocarbons that lack are called saturated hydrocarbons, or 
rules provide a systematic way for naming compounds. 
Rotation about C-C single bonds allows a compound to adopt a variety of 
projections are often used to draw the various conformations of a compound. 
conformations are lower in energy, while conformations are 
higher in energy. 
The difference in energy between staggered and eclipsed conformations of ethane is referred to as 
strain. 
strain occurs in cycloalkanes when bond angles are less than the preferred 
The conformation of cyclohexane has no torsional strain and very little angle strain. 
For a monosubstituted cyclohexane in a chair conformation, the substituent can occupy either an 
axial or an position. These two possibilities represent two different 
conformations that are in equilibrium with each other. The term ring flip is used to describe the 
conversion of one conformation into the other. The equilibrium will favor the chair conformation 
with the substituent in the position, because an axial substituent generates 1,3- 
interactions. 


o 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 4. The answers appear in the section entitled SkillBuilder Review. 


SkillBuilder 4.1 Identifying the Parent 


Identify the parent in 


each of the following 
compounds. ALY 


SkillBuilder 4.2 Identifying and Naming Substituents 


Step 1 Identify the parent in Steps 2 and 3 Circle and name all alkyl substituents 
the following compound. connected to the parent. 


SkillBuilder 4.3 Identifying and Naming Complex Substituents 


Provide a name for the following complex 


substituent (highlighted) doo BEEN 


SkillBuilder 4.4 Assembling the Systematic Name of an Alkane 
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2) Identify and name substituents 


Provide a systematic name for the following compound: 


1) Identify the parent 


3) Assign locants to each substituent 
4) Alphabetize 


SkillBuilder 4.5 Assembling the Name of a Bicyclic Compound 


2) Identify and name substituents 


Provide a systematic name for the following compound: 


1) Identify the parent 


4) Alphabetize 


3) Assign locants to each substituent 


SkillBuilder 4.6 Identifying Constitutional Isomers 


Determine if these two compounds 
are the same by assigning a 
systematic name to each and then 
comparing the names 


SkillBuilder 4.7 Drawing Newman Projections 


Step 1 Identify the three groups connected 
to the front carbon atom 


to the back carbon atom 


Step2 Identify the three groups connected 


Step 3 Assemble the 
Newman projection from 
the two pieces obtained 
in the previous steps. 


SkillBuilder 4.8 Identifying Relative Energy of Conformations 


Step 1 Draw a Newman projection 
looking down the bond indicated. 


| 


(3 


Step 2 Draw all three staggered 
conformations and determine which one 
has the fewest or least severe gauche 
interactions. 


Step 3 Draw all three eclipsed 
conformations and determine which one 
has the highest energy interactions. 


SkillBuilder 4.9 
Drawing a Chair Conformation 


Draw a chair conformation: 


SkillBuilder 4.10 


Drawing Axial and Equatorial Positions 


Draw a chair conformation showing all six axial positions 
and all six equatorial positions. 
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SkillBuilder 4.11 Drawing Both Chair Conformations of a Monosubstituted Cyclohexane 


Draw both chair conformations of bromocyclohexane. 


Oe 


SkillBuilder 4.12 Drawing Both Chair Conformations of Disubstituted Cyclohexanes 


Draw both chair 
conformations of the 
following compound: 


Et 


— — — w 


"Me 


SkillBuilder 4.13 Drawing the More Stable Chair Conformation of Polysubstituted Cyclohexanes 


Draw both chair conformations 
of the following compound and 
determine which one is more 
stable. 


Et 


ea 
CI" 


Common Mistakes to Avoid 


You might find that you struggle with problems that ask you to draw constitutional isomers. Don't be 
discouraged. Many students struggle with drawing constitutional isomers. In particular, it is sometimes 
difficult to find ALL of the constitutional isomers with a particular molecular formula, and it is also difficult 
to avoid drawing the same compound more than once. However, these skills will be critical as we progress 
through the upcoming chapters. So, in order to get more proficient with constitutional isomers, do the 
following: 


1) Skip to Section 14.16 of your textbook (Hydrogen Deficiency Index: Degrees of Unsaturation), 
and read that entire section (it is only a few pages, and you do not need any background to 
understand that section in its entirety). Then, do SkillBuilder 14.4 (Calculating HDI), including 
all of the problems in that SkillBuilder. 

2) Review the methodical approach for drawing constitutional isomers that 1s presented in the 
solution to problem 4.3. 

3) Try to do problem 4.15, using the approach outlined in the solution to problem 4.3, and then 
check the solution to problem 4.15 to make sure that you applied the approach correctly. 


If you complete the three tasks above, you should gain confidence in your ability to draw constitutional 
isomers and to avoid drawing the same isomer twice. 


Solutions 

4.1. 

(a) The longest chain is six carbon atoms (shown below), 
so the parent is hexane: 


Parent = hexane 


(b) The longest chain is seven carbon atoms (shown 
below), so the parent is heptane: 


Parent = heptane 


(c) The longest chain is seven carbon atoms (shown 
below), so the parent is heptane: 


Parent = heptane 


(d) The longest chain is nine carbon atoms (shown below), 
so the parent is nonane: 


Parent = nonane 


(e) The longest chain is eight carbon atoms (shown 
below), so the parent is octane: 


Parent = octane 


(f) The longest chain is seven carbon atoms, so the parent 
is heptane. In this case, there is more than one seven- 
carbon chain. While the parent will be heptane regardless 
of which chain we choose, the correct parent chain is the 
one with the most substituents, shown below (this will be 
important later when we must use the numbering scheme 
to identify the locations of the substituents connected to 
the chain): 
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Parent = heptane 


(g) This compound has a five-membered ring (shown 
below), so the parent is cyclopentane: 


5 


Q 


3 2 
Parent = cyclopentane 


(h) This compound has a seven-membered ring (shown 
below), so the parent is cycloheptane: 


Parent = cycloheptane 


(i) This compound has a three-membered ring (shown 
below), so the parent is cyclopropane: 


3 


D— 


2 
Parent = cyclopropane 


4.2. Compounds B and D (shown below) each have a 
parent chain of eight carbon atoms (octane). Compounds 
A and C (not shown here) have parent chains of seven and 
nine carbon atoms, respectively. 


Compound B Compound D 
Parent 7 octane Parent 7 octane 


4.3. Recall that constitutional isomers are compounds that 
have the same molecular formula but differ in their 
constitution (connectivity of atoms). We must draw all 
constitutional isomers of hexane. Hexane is a linear chain 
of six carbon atoms: 


2246 


1 3 5 


The first step is to look for any constitutional isomers 
where the parent is pentane (five carbon atoms). There 
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are only two such isomers. Specifically, we can either 
connect the extra CH3 group to positions C2 or C3 of the 
pentane chain: 


p 2 4 
1 3 5 1 3 5 


We cannot connect the CH; group to positions C1 or C5, 
as that would simply give us the linear chain (hexane), 
which we already drew (above). We also cannot connect 
the CH3 group to position C4 as that would generate the 
same structure as placing the CH3 group at the C2 
position: 


p SR = Salk 
1 3 5 5 3 1 


Next, we look for any constitutional isomers where the 
parent is butane (four carbon atoms). There are only two 
such isomers. Specifically, we can either connect two 
CH; groups to adjacent positions (C2 and C3) or the same 


position: 
bw 
1 3 


If we try to connect a CH3CHo group to a butane chain, 
we end up with a pentane chain (an isomer already drawn 


above): 
1 
2 
= 3 
2 4 = 5 
4 


1 3 
In summary, we have found the four isomers of hexane 
(two pentanes and two butanes): 


AN AYN 


pentanes 


XY 


butanes 


4.4. 

(a) First, we identify the parent. In this case, there is more 
than one possible parent chain of nine carbon atoms. 
While the parent will be nonane regardless of which chain 
we choose, the correct parent chain is the one with the 
most substituents, as shown below. The alkyl substituents 
(highlighted) connected to the parent are identified below. 


methyl 
methyl 
ne ethyl 
methyl ethyl 


(b) First, we identify the parent (nonane), and then we 
identify any alkyl substituents (highlighted) that are 
connected to the parent. 


methyl 


propyl 


(c) First, we identify the parent (undecane), and then we 
identify any alkyl substituents (highlighted) that are 
connected to the parent. 
methyl 
ethyl — methyl 


2 


methyl 


4.5. First identify the parent by looking for the longest 
chain. In this case, there are two paths of equal length, so 
we choose the path with the greatest number of branches, 
as indicated below in bold. 


rer 


The parent has eight carbon atoms (octane). Everything 
connected to the chain is a substituent, and we use Table 
4.2 to name each substituent: 


ethyl 
methyl 


methyl 


4.6. 

(a) First we identify the parent chain (heptane), and then 
we identify any alkyl substituents connected to the parent. 
In this case, the substituent (highlighted) is complex, so 
we treat it as a “substituent on a substituent,” and we 
assign a name based on numbers going away from the 
parent: 


Systematic = (1,1-dimethylethyl) 
2 Common = tert-butyl 


(b) First we identify the parent chain (nonane), and then 
we identify any alkyl substituents connected to the parent. 
In this case, one of the highlighted substituents is 
complex, so we treat it as a “substituent on a substituent,” 
and we assign a name based on numbers going away from 
the parent: 


Systematic = (1-methylethyl) 


« ? Common = isopropyl 


Systematic = methyl 
Common = methyl 


(c) First we identify the parent chain (nonane), and then 
we identify any alkyl substituents connected to the parent. 
In this case, the substituent (highlighted) is complex, so 
we treat it as a "substituent on a substituent," and we 
assign a name based on numbers going away from the 
parent: 


Systematic 7 (2,2-dimethylpropyl) 


1-23 Common = neopentyl 


(d) First we identify the parent chain (cyclohexane), and 
then we identify any alkyl substituents connected to the 
parent. In this case, all four substituents (highlighted) are 
complex, so we treat each of them as a "substituent on a 
substituent," and we assign a name based on numbers 
going away from the parent: 


Systematic 7 (1-methylethyl) 
Common = isopropyl 
Systematic = (2-methylpropyl) 
Common = isobutyl 


Systematic = (1-methylpropyl) 
Common = sec-butyl (3 


2 


Systematic = (1,1-dimethylethyl) 
Common = tert-butyl 


4.7. We treat this complex substituent as a “substituent on 
a substituent.” The longest chain that starts at the 
attachment point has six carbon atoms, so this is a hexyl 
group. Then we assign numbers such that the attachment 
point is numbered Cl. With this numbering scheme, 
shown below, there are two methyl substituents at 
positions 1 and 5, so the name of the side chain is (1,5- 
dimethylhexyl). 
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2 
methyl id 


systematic name 7 (1,5-dimethylhexyl) 


4.8. For each of the following compounds, we assign its 
name via a four-step process: First identify the parent, 
then the substituents, then assign locants, and finally, 
arrange the substituents alphabetically. In each case, use 
commas to separate numbers from each other, and use 
hyphens to separate letters from numbers. 


(a) 3,4,6-trimethyloctane 

(b) sec-butylcyclohexane or 
(1-methylpropyl)cyclohexane 

(c) 3-ethyl-2-methylheptane 

(d) 3-isopropyl-2,4-dimethylpentane or 
2,4-dimethyl-3-(1-methylethyl)pentane 

(e) 3-ethyl-2,2-dimethylhexane 

(f) 2-cyclohexyl-4-ethyl-5,6-dimethyloctane 

(g) 3-ethyl-2,5-dimethyl-4-propylheptane 

(h) 2,2,6,6,7,7-hexamethylnonane 

(i) 4-tert-butylheptane or 
4-(1,1-dimethylethyl)heptane 

(j) 1,3-diisopropylcyclopentane or 
1,3-bis(1-methylethyl)cyclopentane 

(note: for complex substituents, the prefix “bis” is used, 

rather than the prefix *di") 

(k) 3-ethyl-2,5-dimethylheptane 


4.9. 


(a) The name 3-isopropyl-2,4-dimethylpentane indicates 
that the parent is a five-carbon chain and there are three 
substituents (a methyl group at C2, an isopropyl group at 
C3 and another methyl group at C4): 


(b) The name 4-ethyl-2-methylhexane indicates that the 
parent is a six-carbon chain and there are two substituents 
(a methyl group at C2 and an ethyl group at C4): 


(c) The name 1,1,2,2-tetramethylcyclopropane indicates 
that the parent is a three-membered ring and there are four 
substituents (two methyl groups at C1, and two methyl 
groups at C2), as shown: 

3, 


p 
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4.10. For each compound, we assign its name in the 
following way: First identify the parent, then the 
substituents, and then assign locants (the final step, 
arranging the substituents alphabetically, is not needed for 
any of these examples). In each case, use commas to 
separate numbers from each other, and use hyphens to 
separate letters from numbers. 

(a) 2,2-dimethylundecane 

(b) 2-methyldodecane 

(c) 2,2-dimethyloctane 

(d) butylcyclohexane 


4.11. For each of the following compounds, we 
assign its name via a four-step process: First identify the 
parent, then the substituents, then assign locants, and 
finally, arrange the substituents alphabetically. When 
assigning locants, make sure to start at a bridgehead and 
continue numbering along the longest path to the second 
bridgehead. Then continue assigning locants along the 
second longest path, and then finally, along the shortest 
path that connects the two bridgehead positions. 


(a) 4-ethyl-1-methylbicyclo[3.2.1 octane 

(b) 2,2,5,7-tetramethylbicyclo[4.2.0]octane 

(c) 2,7,7-trimethylbicyclo[4.2.2 ]decane 

(d) 3-sec-butyl-2-methylbicyclo[3.1.0]hexane or 
2-methyl-3-(1-methylpropyl)bicyclo[3.1.0]hexane 

(e) 2,2-dimethylbicyclo[2.2.2 ]octane 


4.12. 

(a) The name 2,2,3,3-tetramethylbicyclo[2.2.1]heptane 
indicates a bicyclic parent with two methyl groups at C2 
and two methyl groups at C3, as shown: 


(b) The name 8,8-diethylbicyclo[3.2.1]octane indicates a 
bicyclic parent with two ethyl groups at C8, as shown: 


(c) The name 3-isopropylbicyclo[3.2.0]heptane indicates 
a bicyclic parent with an isopropyl group at C3, as shown: 


4.13. The bicyclic parent contains eight carbon atoms 
(highlighted below). There are two carbon atoms in each 


of the three possible paths that connect the bridgehead 
carbons, so this bicyclic parent is bicyclo[2.2.2.]octane. 


C————5 bicyclo[2.2.2]octane 


There are two substituents on this bicyclic system. One is 
a methyl substituent and the other one is a complex 
substituent that is called 5-ethylheptyl, as shown below: 


methyl &—— J 


2 4 6 
KS 1 3 5 7 
5-ethylheptyl 


The locants for the two substituents are positions 1 and 4 
on the bicyclic parent, and the lower number should be 
assigned according to which substituent comes first 
alphabetically. 


Finally, we arrange the substituents alphabetically and 
place them before the parent, giving the following 
complete IUPAC name: 


1-(5-ethylheptyl)-4-methylbicyclo[2.2.2]octane 


4.14. 

(a) If we assign a systematic name for each of these 
structures, we find that they share the same name (2,3- 
dimethylpentane). Therefore, these drawings are simply 
different representations of the same compound. 


2,3-dimethylpentane 2,3-dimethylpentane 


(b) If we assign a systematic name for each of these 
structures, we find that they share the same name (3-ethyl- 
2,4-dimethylpentane). Therefore, these drawings are 
simply different representations of the same compound. 


3-ethyl-2,4-dimethyl 
pentane 


3-ethyl-2,4-dimethyl 
pentane 


(c) If we assign a systematic name for each of these 
structures, we find that they share the same name (4- 
isobutyl-2,8-dimethylnonane). Therefore, these drawings 
of the 


are simply different 
compound. 


representations same 


4-isobutyl-2,8-dimethyl 
nonane 


4-isobutyl-2,8-dimethyl 
nonane 


(d) We assign a systematic name to each structure, and 
find that they have different names (shown below). 
Therefore, they must differ in their constitution 
(connectivity of atoms). These compounds are therefore 
different from each other, but they share the same 
molecular formula (CiiHo4), so they are constitutional 
isomers. 


3-methyl-4-propyl 
heptane 


2-methyl-4-propyl 
heptane 


4.15. We must draw all of the constitutional isomers of 
heptane: 


To accomplish the goal, we will follow the same 
methodical approach that we used in Problem 4.3. We 
begin by drawing all possible substituted hexanes with the 
molecular formula C7Hie. There are only two possibilities 
- the methyl group can be placed at either C2 or C3. Then, 
we move on to the pentanes, and finally any possible 
butanes. This methodical analysis gives the following 
constitutional isomers: 
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Parent = hexane 


D 2 $ 4 6 
1 3 5 1 5 


Parent = pentane 


4.16. 

(a) When looking from the perspective of the observer (as 
shown in the problem statement), the front carbon is 
connected to three methyl groups, and the back carbon is 
connected to one methyl group. Even though the bond- 
line structure is shown "flat" (1.e., without indicating the 
3D structure), we must recognize that each carbon atom is 
tetrahedral: 


Xoi 


In the Newman projection, two methyl groups on C2 are 
drawn pointing "up and to the right" and "up and to the 
left", while the methyl group on C3 is pointing up. 


HH 


CH3 
H3C CH3 


CH3 


(b) When looking from the perspective of the observer (as 
shown in the problem statement), the front carbon is 
connected to a chlorine atom pointing up and to the right, 
as well as a methyl group pointing down. The back carbon 
atom is connected to a chlorine atom pointing down and 
to the left, as well as a methyl group pointing up. 


(c) When looking from the perspective of the observer (as 
shown in the problem statement), the front carbon is 
connected to a methyl group pointing up and to the right, 
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as well as an ethyl group pointing down. The back carbon 
atom is connected to an ethyl group pointing up. 


CH;CHs 

H CH; 

H H 
CHCH; 


(d) When looking from the perspective of the observer (as 
shown in the problem statement), the front carbon is 
connected to a methyl group pointing up. The back 
carbon atom is connected to a methyl group pointing 
down and two chlorine atoms. We must recognize that 
even though the two chlorine atoms are drawn "flat", they 
are attached to a tetrahedral carbon atom, so they are 
accordingly drawn "up and to the left" and "up and to the 
right" on the Newman projection, as shown. 


(e) When looking from the perspective of the observer (as 
shown in the problem statement), the front carbon is 
connected to a methyl group pointing up and a chlorine 
atom pointing down and to the right. The back carbon 
atom is connected to a methyl group pointing down and a 
chlorine atom pointing up and to the right, as shown. 


(f) When looking from the perspective of the observer (as 
shown in the problem statement), the front carbon is 
connected to a chlorine atom pointing up and to the right, 
as well as a methyl group pointing down. The back carbon 
atom is connected to a methyl group pointing up and a 
bromine atom pointing down and to the left. 


CH3 


4.17. First we identify the parent chain (pentane). In this 
case, there are several choices for the parent (all of which 
are five carbon atoms), so we choose the one with the 
greatest number of substituents. This parent has five 
substituents: four methyl groups and one ethyl group, 
which are arranged alphabetically, together with their 
appropriate locants, to give the following IUPAC name: 


3-ethyl-2,2,4,4-tetramethylpentane 


For the Newman projection, when looking from the 
perspective of the observer (as shown in the problem 
statement), the front carbon is connected to one methyl 
group pointing down, and the back carbon is connected to 
two tert-butyl groups: one pointing up and the other 
pointing down and to the right: 


t-Bu 


H H H H 
H H t-Bu 


CH3 CH3 


4.18. 

(a) For 2,2-dimethylpropane, the energy barrier to rotation 
is expected to be approximately 18 kJ/mol (calculation 
below). That is, the eclipsed conformation shown below 
is 18 kJ/mol higher in energy than the staggered 


conformation: 
6 kJ/mol 6 kJ/mol 
SR "CH > 


H3C Y 
e+, 
6 kJ/mol 


(b) For 2-methylpropane, the energy barrier to rotation is 
expected to be approximately 16 kJ/mol (calculation 
below). That is, the eclipsed conformation shown below 
is 16 kJ/mol higher in energy than the staggered 


conformation: 
6 kJ/mol 4 kJ/mol 
"ed 


H4C X 
— 
6 kJ/mol 


4.19. 

(a) In the Newman projection, the front carbon atom has 
three methyl groups, and the back carbon has one methyl 
group. Since the front carbon atom has three identical 
groups, we expect all staggered conformations to be 
degenerate. Similarly, we expect all eclipsed 
conformations to be degenerate as well. The lowest 
energy conformation is the staggered conformation, and 
the highest energy conformation is the eclipsed 
conformation. 


CH; 
H3C CH; H«C. CH, 
H H 
CH3 HaC H 
Lowest energy Highest energy 


(b) We begin by converting the bond-line drawing into a 
Newman projection. 


observer 
y CH;CHs 
H H 
CH2CH3 


We expect the lowest energy conformation to be staggered 
and the highest energy conformation to be eclipsed. The 
lowest energy conformation is the staggered conformation 
in which the two largest groups (the ethyl groups) are anti 
to each other, while the highest energy conformation is the 
eclipsed conformation in which the two ethyl groups are 
eclipsing each other: 


CH=CH, 


H 
H g H AM 
H H 
CHCH 
CH2CH3 CH3CHs 
Lowest energy Highest energy 


(c) We begin by converting the bond-line drawing into a 
Newman projection. 


observer 


CH3 


We expect the lowest energy conformation to be staggered 
and the highest energy conformation to be eclipsed. Let’s 
first explore the three staggered conformations, shown 
below. One of these conformations exhibits two gauche 
interactions, while the other two staggered conformations 
are degenerate, with each having only one gauche 
interaction: 


CH M CH CH, 
H TCH, Hac. H Hc. f CH, 
H H H H H H 
CH3 CH3 H 
One gauche One gauche Two gauche 
interaction interaction interactions 


degenerate, and lowest energy 
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The two degenerate conformations are lowest in energy 
among all available conformations. 

In order to determine which conformation is highest in 
energy, we must examine the eclipsed conformations. 
There are three eclipsed conformations, shown below: 


WU "if^ in 


Hac chs Ha E 


degenerate, and highest energy 


Two of these conformations (the first two above) are 
degenerate, because they each exhibit one Me/Me 
eclipsing interaction and one Me/H eclipsing interaction. 
These two degenerate conformations are highest in energy 
among all available conformations, because these 
conformations are less stable than the eclipsed 
conformation with two Me/H eclipsing interactions. 


(d) We begin by converting the bond-line drawing into a 
Newman projection. 


observer 
y CH;CHs 
DE z H3C H 
Pit, = 
H H 
CH5CH3 


We expect the lowest energy conformation to be staggered 
and the highest energy conformation to be eclipsed. The 
lowest energy conformation is the staggered conformation 
in which the two largest groups (the ethyl groups) are anti 
to each other, while the highest energy conformation is the 
eclipsed conformation in which the two ethyl groups are 
eclipsing each other: 


CHsCH3 " 
H3C H HC H 
H H w 
CH2CH3 CHH 
Lowest energy Highest energy 


4.20. 
(a) The three possible staggered conformations of 1, 
viewed along the Ca-C» bond, are as follows: 


[9] [9] [9] 
H N H Cl A H H N CI 
N x Ad 
H CH; H CH2 H CH2 
Cl H H 
A B C 


(b) In conformation C, there are two gauche interactions: 
one between the chlorine atom and the CH group, and 
another between the chlorine atom and the oxygen atom. 
This conformation is the highest in energy (least stable) 
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due to these two interactions. Conformations A and B 
each exhibit only one of these two gauche interactions. 


4.21. The step-by-step procedure in the SkillBuilder 
should provide the following drawing: 


L— 


4.22. The chair conformation for this compound is 
similar to the chair conformation of cyclohexane, where 
two of the CH» groups (C1 and C4) have been replaced 
with oxygen atoms. Each of the following drawings 
represents dioxane, with oxygen atoms in the 1 and 4 
positions: 


Fou ME o EU 


All three drawings represent the same compound (viewed 
from different angles). This can be seen clearly if you 
build a molecular model of dioxane (in a chair 
conformation) and view it from different angles. Indeed, 
there are still more representations that could be drawn for 
dioxane in its chair conformation, looking from other 
perspectives. 


4.23. The step-by-step procedure in the SkillBuilder 
should provide the following drawing. The six axial 
positions are indicated with bold bonds, and the other six 
positions are equatorial: 


4.24. 
(a) Note that the bonds to the attached groups are all 
parallel to a bond in the ring, and none are in a vertical 
position. All five groups attached to the six-membered 
ring occupy equatorial positions (indicated with bold 
bonds). 

OH 


HO Q 
HO O~p 
OH 
(-)-Cassioside 


all five groups are in 
equatorial positions 


(b) Each carbon atom in the six-membered ring has a 
hydrogen atom in the axial position: 


two axial hydrogen 
atoms pointing up 


an 


three axial hydrogen 
atoms pointing down 


4.25. 
(a) In one chair conformation, the substituent (OH) 
occupies an axial position. In the other chair 
conformation, the substituent occupies an equatorial 
position. 

OH 


TAA on 


Note that in both chair conformations, the OH group is 
pointing toward the top of the page (in an *up" position). 
The following drawings do NOT represent a proper chair 
flip, because the two chairs have the same orientation, and 
the OH group changes from an “up” position to a “down” 
position: 

OH 


Loc muy 


(b) In one chair conformation, the substituent (NH2) 
occupies an axial position. In the other chair 
conformation, the substituent occupies an equatorial 
position: 

NH2 


TAA ne, 


Note that in both chair conformations, the NH2 group is 
pointing toward the top of the page (in an “up” position). 
The following drawings do NOT represent a proper chair 
flip, because the two chairs have the same orientation, and 
the NH2 group changes from an “up” position to a “down” 
position: 


NH2 


J > a 


(c) In one chair conformation, the substituent (chlorine) 
occupies an axial position. In the other chair 


conformation, the substituent occupies an equatorial 
position: 
Cl 


LJ ws 


Note that in both chair conformations, the chlorine atom 
is pointing toward the top of the page (in an “up” 
position). The following drawings do NOT represent a 
proper chair flip, because the two chairs have the same 
orientation, and the chorine atom changes from an “up” 
position to a “down” position: 


Loo que 


(d) In one chair conformation, the methyl group occupies 
an axial position. In the other chair conformation, the 
methyl group occupies an equatorial position: 


CH3 


Lo Ve 


Note that in both chair conformations, the methyl group is 
pointing toward the top of the page (in an “up” position). 
The following drawings do NOT represent a proper chair 
flip, because the two chairs have the same orientation, and 
the methyl group changes from an “up” position to a 
“down” position: 


———M 
=~ 


CH3 


me > mu 


(e) In one chair conformation, the tert-butyl group 
occupies an axial position. In the other chair 
conformation, the tert-butyl group occupies an equatorial 
position: 


E sci te, 


Note that in both chair conformations, the tert-butyl group 
is pointing toward the top of the page (in an “up” 
position). The following drawings do NOT represent a 
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proper chair flip, because the two chairs have the same 
orientation, and the tert-butyl group changes from an “up” 
position to a “down” position: 


ee qi 
4.26. 


(a) In a Newman projection of cyclohexane, the four 
hydrogen atoms that point straight up or straight down 
occupy axial positions, while the four hydrogen atoms that 
point out to either side are equatorial: 


axial 
H H 
H H 
equatorial equatorial 
H H 
H H 
——— 
axial 


Notice that four of the twelve hydrogens are not drawn 
explicitly; rather they are implied by the bond line 
intersections (highlighted): 


HH HH 


HH HH 


In the structure shown in the problem statement, the 
adenine group occupies an axial position and the CH?OH 
group occupies an equatorial position. 


NH2 
Z N 
axial —»5 N | X 
an 
N H 
H 
equatorial C——» HO 
H H 
H H 


(b) The carbon atoms of the cyclohexane ring are numbered in the Newman projection and in the chair conformation (the 
bond-line structure is also included for reference). Note that these numbers do not necessarily have to be in accordance 
with IUPAC rules, but that is OK, because we are not assigning a name. Rather, we are using the numbers just to redraw 
the compound. In all depictions, the CH2OH group is attached to carbon atom 1 and the adenine group is attached to 


carbon atom 2 (a clockwise relationship going from 1 to 2). 
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NH2 
N 
N N 
Lo y HN’ `N 
SE N i A 
Na Na 
6 H = YY 
HO HO 5 


Look down both 
of these bonds 
simultaneously 


Carbon atoms 1 and 5 are the front carbon atoms in both forms; likewise, carbon atoms 2 and 4 are the back carbon 
atoms. The bond between carbon atoms 1 and 2 (and between carbon atoms 5 and 4) are implied by the Newman 
projections. The CH2OH group is “up” and equatorial in both forms, while the adenine is “up” and axial in both forms. 
The clockwise location of the adenine group compared to the CH2OH is an important feature which must be maintained 


in all depictions of the structure; this will be explored in more detail in Chapter 5. 


4.27. Although the OH group is in an axial position, this 
conformation is capable of intramolecular hydrogen 
bonding, which is a stabilizing effect: 


N 


H 
Oo 
ea) 
Zo 
4.28. 


(a) Begin by assigning a numbering system (which does 
not need to adhere to IUPAC rules), and then determine 
the location and three-dimensional orientation of each 
substituent. In this case, there is a methyl group at C1, 
which is UP, and there is an ethyl group at C2, which is 
DOWN: 
Me 
Me 


QE 5 6 
= 1 
4 3 f 


Et 


When assigning the numbers to the chair drawing, the first 
number can be placed anywhere on the ring. For example, 
it would be perfectly acceptable to draw the chair like this: 


Me 
„Et Me 
i = j 2 253 
e EE er 4 
Et 


At first it might look like this is a different chair than the 
one previously drawn. But let's compare them: 


Me Me 
D ULT 
Lah (00 SLEM 

Et Et 


In both drawings, if we travel clockwise around the ring, 
we will encounter the methyl group first and the ethyl 
group second. Also, in both chair drawings, the methyl 
group is up and the ethyl group is down. Therefore, either 
of these drawings is an acceptable chair representation. 
Neither one is “more correct” than the other (to see this 
more clearly, you may find it helpful to build a molecular 
model and view it from different angles). 

Once we have drawn the first chair conformation, we 
then draw the second chair conformation, once again 
using a numbering system. After doing a chair flip, the 
methyl group is still up and the ethyl group is still down. 
Notice that a ring flip causes both axial groups to become 
equatorial. 


Me 
MT 1 4 5 6 
aLa, = yo 
Et 


(b) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent. In this case, there is a methyl group 
at C1, which is UP, and there is an ethyl group at C2, 
which is also UP: 


Me 
Et 
" 2 
Note that the numbering system need not adhere to 


IUPAC rules — the numbering system is simply a tool that 
we are using to guide us. When assigning the numbers to 


Il 
Q 
[^] 
o 
m= 


the chair drawing, the first number can be placed 
anywhere on the ring (as long as the numbers go 
clockwise), as seen in the solution to part (a) of this 
problem. 

Finally, we draw the second chair conformation, once 
again using a numbering system. After doing a chair flip, 
the methyl group is still up and the ethyl group is still up. 
Notice that a ring flip causes all equatorial groups to 
become axial groups, and vice versa. 


Me 
" Et 
4 Et 1-Me 
33 y 2 


(c) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent. In this case, there is a methyl group 
at Cl, which is UP, and there is a bromine atom at C3, 
which is also UP: 


Note that the numbering system need not adhere to 
IUPAC rules — the numbering system is simply a tool that 
we are using to guide us. When assigning the numbers to 
the chair drawing, the first number can be placed 
anywhere on the ring (as long as the numbers go 
clockwise), as seen in the solution to part (a) of this 
problem. 

Finally, we draw the second chair conformation, 
once again using a numbering system. After doing a chair 
flip, the methyl group is still up and the bromine atom is 
still up. Notice that a ring flip causes both axial groups to 
become equatorial. 


Me Br 


(d) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent. In this case, there is a bromine atom 
at Cl, which is UP, and there is a methyl group at C3, 
which is also UP: 


Br. Me 
= ih 2 Js 
x 6 5 4 


Note that the numbering system need not adhere to 
IUPAC rules - the numbering system is simply a tool that 
we are using to guide us. When assigning the numbers to 
the chair drawing, the first number can be placed 
anywhere on the ring (as long as the numbers go 
clockwise), as seen in the solution to part (a) of this 
problem. 
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Finally, we draw the second chair conformation, 
once again using a numbering system. After doing a chair 
flip, the bromine atom is still up and the methyl group is 
still up. Notice that a ring flip causes both axial groups to 
become equatorial. 


Br Me 


(e) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent. In this case, there is a methyl group 
at C1, which is UP, and a tert-butyl group at C4, which is 
DOWN: 


Me 
2 aos 
Me 


Notice that the numbering system need not adhere to 
IUPAC rules — the numbering system is simply a tool that 
we are using to guide us. When assigning the numbers to 
the chair drawing, the first number can be placed 
anywhere on the ring (as long as the numbers go 
clockwise), as seen in the solution to part (a) of this 
problem. 

Finally, we draw the second chair conformation, 
once again using a numbering system. After doing a chair 
flip, the methyl group is still up and the tert-butyl group 
is still down. Notice that a ring flip causes all equatorial 
groups to become axial groups, and vice versa. 


Me RETE 


(f) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent. In this case, there is a methyl group 
at C1, which is UP, and another methyl group at C3, which 
is DOWN: 

Me 


Me Me 
m 1 2 3 
= Me 
6 5 4 


Note that the numbering system need not adhere to 
IUPAC rules — the numbering system is simply a tool that 
we are using to guide us. When assigning the numbers to 
the chair drawing, the first number can be placed 
anywhere on the ring (as long as the numbers go 
clockwise), as seen in the solution to part (a) of this 
problem. 
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Finally, we draw the second chair conformation, 
once again using a numbering system. After doing a chair 
flip, the C1 methyl group is still up and the C3 methyl 
group is still down. Notice that a ring flip causes all 
equatorial groups to become axial groups, and vice versa. 


Me 


(g) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent. In this case, there is an isopropyl 
group at C1, which is UP, and another isopropyl group at 
C3, which is also UP: 


2 


Note that the numbering system need not adhere to 
TUPAC rules — the numbering system is simply a tool that 
we are using to guide us. When assigning the numbers to 
the chair drawing, the first number can be placed 
anywhere on the ring (as long as the numbers go 
clockwise), as seen in the solution to part (a) of this 
problem. 

Finally, we draw the second chair conformation, 
once again using a numbering system. After doing a chair 
flip, both isopropyl groups are still pointing up. Notice 
that a ring flip causes both axial groups to become 
equatorial. 


(h) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent. In this case, there is a methyl group 
at C1, which is UP, and another methyl group at C4, which 
is also UP: 


T 
Me 1 * 


Note that the numbering system need not adhere to 
IUPAC rules - the numbering system is simply a tool that 
we are using to guide us. When assigning the numbers to 
the chair drawing, the first number can be placed 
anywhere on the ring (as long as the numbers go 
clockwise), as seen in the solution to part (a) of this 
problem. 

Finally, we draw the second chair conformation, 
once again using a numbering system. After doing a chair 


I 
= 
o 
N 
o 
ao 
A 


flip, both methyl groups are still pointing up. Notice that 
a ring flip causes all equatorial groups to become axial 
groups, and vice versa. 


Me Me 
~ 3 7 1.2 3 
Me a Me 
6 5 5 
1 6 4 


4.29. Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent: 


Cl 


Cl 


When assigning the numbers to the chair drawing, the first 
number can be placed anywhere on the ring (as long as the 
numbers go clockwise), as explained in the solution to part 
(a) of the previous problem. 

Finally, we draw the second chair conformation, 
once again using a numbering system. After doing a chair 
flip, the chlorine atoms on C1 and C4 are still pointing 
down, and the chlorine atoms on C2, C3, C5 and C6 are 
all still pointing up. Notice that a ring flip causes all 
equatorial groups to become axial groups, and vice versa. 


4.30. 
(a) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent. In this case, there is a methyl group 
at Cl, which is up, and a methyl group at C2, which is 
down: 

Me 


da 


When assigning the numbers to the chair drawing, the first 
number can be placed anywhere on the ring (as long as the 
numbers go clockwise), as explained in the solution to 
Problem 4.28a. 

Once we have drawn the first chair conformation, we 
then draw the second chair conformation, again using the 
same numbering system. After doing a chair flip, the C1 
methyl group is still up and the C2 methyl group is still 
down. Notice that a ring flip causes both axial groups to 
become equatorial. 


more stable 

Finally, we compare both chair drawings and determine 
which one has fewer or less severe 1,3-diaxial 
interactions. In the first drawing, both substituents occupy 
axial positions, but in the second drawing, both 
substituents occupy equatorial positions. As such, the 
second chair conformation is more stable, since it lacks 
1,3-diaxial interactions. 


(b) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent. In this case, there is a methyl group 
at C1, which is up, and an isopropyl group at C2, which is 
also up: 

Me 


When assigning the numbers to the chair drawing, the first 
number can be placed anywhere on the ring (as long as the 
numbers go clockwise), as explained in the solution to 
Problem 4.28a. 

Once we have drawn the first chair conformation, we 
then draw the second chair conformation, again using the 
same numbering system. After doing a chair flip, the 
methyl group is still up and the isopropyl group is still up. 
Notice that a ring flip causes all equatorial groups to 
become axial groups, and vice versa. 


2 3 
more stable 


Finally, we compare both chair drawings and determine 
which one has fewer or less severe 1,3-diaxial 
interactions. In the first drawing, the methyl group 
occupies an axial position, but in the second drawing, the 
larger isopropyl group occupies an axial position. As 
such, the first chair conformation is more stable, since it 
is expected to have less severe 1,3-diaxial interactions. 


(c) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent: 


CI 


CI CI 


When assigning the numbers to the chair drawing, the first 
number can be placed anywhere on the ring (as long as the 
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numbers go clockwise), as explained in the solution to 
Problem 4.28a. 

Once we have drawn the first chair conformation, we 
then draw the second chair conformation, again using the 
same numbering system. After doing a chair flip, the 
methyl group is still down, the chlorine atom at C2 is still 
down, and the chlorine atom at C3 is still up. Notice that 
a ring flip causes all equatorial groups to become axial 
groups, and vice versa. 


CI 
1 2 
og, TE N CI 
sL — TENE 
4 5 E 3 
Cl 
more stable 


Finally, we compare both chair drawings and determine 
which one has fewer or less severe 1,3-diaxial 
interactions. In the first drawing, the methyl group 
occupies an equatorial position, while both chlorine atoms 
occupy axial positions. In the second drawing, the methyl 
group occupies an axial position, while both chlorine 
atoms occupy equatorial positions. According to the data 
presented in Table 4.8, the methyl group experiences 1,3- 
diaxial interactions of 7.6 kJ/mol, while each chlorine 
atom experiences 1,3-diaxial interactions of 2.0 kJ/mol. 
As such, the 1,3-diaxial interactions from the methyl 
group are more severe than the combined 1,3-diaxial 
interactions of the two chlorine atoms (4.0 kJ/mol). As 
such, the more stable conformation is the one in which the 
methyl group occupies an equatorial position. 


(d) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent: 


^n, 


When assigning the numbers to the chair drawing, the first 
number can be placed anywhere on the ring (as long as the 
numbers go clockwise), as explained in the solution to 
Problem 4.28a. 

Once we have drawn the first chair conformation, we 
then draw the second chair conformation, again using the 
same numbering system. After doing a chair flip, the C1 
methyl group is still down, the C2 methyl group is still up, 
and the tert-butyl group is still up. Notice that a ring flip 
causes all equatorial groups to become axial groups, and 
vice versa. 


more stable 


Finally, we compare both chair drawings and determine 
which one has fewer or less severe 1,3-diaxial 
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interactions. In the first drawing, the tert-butyl group 
occupies an axial position, while both methyl groups 
occupy equatorial positions. In the second drawing, the 
tert-butyl group occupies an equatorial position, while 
both methyl groups occupy equatorial positions. 
According to the data presented in Table 4.8, each methyl 
group experiences 1,3-diaxial interactions of 7.6 kJ/mol, 
while a tert-butyl group experiences  1,3-diaxial 
interactions of 22.8 kJ/mol. As such, the 1,3-diaxial 
interactions from the one tert-butyl group are more severe 
than the combined 1,3-diaxial interactions of the methyl 
groups (15.2 kJ/mol). As such, the more stable 
conformation is the one in which the tert-butyl group 
occupies an equatorial position. 


(e) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent: 


9 


When assigning the numbers to the chair drawing, the first 
number can be placed anywhere on the ring (as long as the 
numbers go clockwise), as explained in the solution to 
Problem 4.28a. 

Once we have drawn the first chair conformation, we 
then draw the second chair conformation, again using the 
same numbering system. After doing a chair flip, both 
tert-butyl groups are still pointing up. Notice that a ring 
flip causes both axial groups to become equatorial. 


more stable 


Finally, we compare both chair drawings and determine 
which one has fewer or less severe 1,3-diaxial 
interactions. In the first drawing, both tert-butyl groups 
occupy axial positions, but in the second drawing, both 
occupy equatorial positions. As such, the second chair 
conformation is more stable, since it lacks 1,3-diaxial 
interactions. 


4.31. Each chair conformation has three substituents 
occupying equatorial positions and three substituents 
occupying axial positions: 


As such, the two chair conformations of lindane are 
degenerate. There is no difference in energy between 
them. 


4.32. Compound A (trans-1,4-di-tert-butylcyclohexane) 
exists predominantly in a chair conformation, because 
both substituents can occupy equatorial positions. In 
contrast, compound B (cis-1,4-di-tert-butylcyclohexane) 
cannot have both of its substituents in equatorial positions. 
Each chair conformation has one of the substituents in an 
axial position, which is high in energy due to severe 1,3- 
diaxial interactions. Compound B can achieve a lower 
energy state by adopting a twist boat conformation. 


4.33.  cis-1,3-Dimethylcyclohexane is expected to be 
more stable than trans-1,3-dimethylcyclohexane because 
the cis isomer can adopt a chair conformation in which 
both substituents are in equatorial positions (highlighted 
below): 


In contrast, trans-1,3-dimethylcyclohexane cannot adopt 
a chair conformation in which both substituents are in 
equatorial positions. Each chair conformation has one 
methyl group in an axial position: 


H CH; 
CH3 H 


4.34. trans-1,4-Dimethylcyclohexane is expected to be 
more stable than cis-1,4-dimethylcyclohexane because 
the trans isomer can adopt a chair conformation in which 
both substituents are in equatorial positions (highlighted 
below): 


H CH3 
CH3 H 


CH3 


In contrast, cis-1,4-dimethylcyclohexane cannot adopt a 
chair conformation in which both substituents are in 
equatorial positions. Each chair conformation has one 
methyl group in an axial position: 


CH; CH; 


H H 


cis-1,4-dimethylcyclohexane 


4.35. cis-1,3-Di-tert-butylcyclohexane can adopt a chair 
conformation in which both tert-butyl groups occupy 
equatorial positions (highlighted below), and as a result, it 
is expected to exist primarily in that conformation. 


R R 
H 
H 


cis-1,3-di-tert-butylcyclohexane 


LS 


RA a 


(R = tert-butyl group) 


In contrast, trans-1,3-di-tert-butylcyclohexane cannot 
adopt a chair conformation in which both tert-butyl 
groups occupy equatorial positions. In either chair 
conformation, one of the tert-butyl groups occupies an 
axial position. 
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mi 
i H 


trans-1,3-di-tert-butylcyclohexane 


5 — Fave 
R 
(R 7 tert-butyl group) 


This compound can achieve a lower energy state by 
adopting a twist-boat conformation, as explained in the 
solution to Problem 4.32 for the 1,4-isomer. 


4.36. For each of the following compounds, we assign its 
name via a four-step process: First identify the parent, 
then the substituents, then assign locants, and finally, 
arrange the substituents alphabetically. In each case, use 
commas to separate numbers from each other, and use 
hyphens to separate letters from numbers. 


(a) 4-ethyl-3-methyloctane 

(b) 5-isopropylnonane or 
5-(1-methylethyl)nonane 

(c) 2-methyl-4-propyloctane 

(d) 4-tert-butylheptane or 
4-(1,1-dimethylethyl)heptane 

(e) 5-sec-butyl-4-ethyl-2-methyldecane or 
4-ethyl-2-methyl-5-(1-methylpropyl)decane 

(f) 3-ethyl-6-isopropyl-2,4-dimethyldecane or 
3-ethyl-2,4-dimethyl-6-(1-methylethyl)decane 

(g) 3,5-diethyl-2-methyloctane 

(h) 2,3,5-trimethyl-4-propylheptane 

(i) 1,2,4,5-tetramethyl-3-propylcyclohexane 

(j) 2,3,5,9-tetramethylbicyclo[4.4.0]decane 

(k) 1,4-dimethylbicyclo[2.2.2]octane 


4.37. 

(a) If we assign a systematic name for each of these 
structures, we find that they share the same name (2- 
methylpentane). Therefore, these drawings are simply 
different representations of the same compound. 


5 1 3 5 
2 4 
2 4 
1 3 


2-methylpentane 2-methylpentane 

(b) We assign a systematic name to each structure, and 
find that they have different names (shown below). 
Therefore, they must differ in their constitution 
(connectivity of atoms). These compounds are therefore 
different from each other, but they share the same 
molecular formula (C7Hi6), so they are constitutional 
isomers. 
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2,2-dimethylpentane 3,3-dimethylpentane 

(c) If we assign a systematic name for each of these 
structures, we find that they share the same name (3-ethyl- 
2,4-dimethylheptane). Therefore, these drawings are 
simply different representations of the same compound. 


3-ethyl-2,4-dimethyl 
heptane 


3-ethyl-2,4-dimethyl 
heptane 


4.38. When looking down the C2-C3 bond, the front 
carbon atom of 3-methylpentane has one methyl group 
and two hydrogen atoms, while the back carbon atom has 
an ethyl group, a methyl group, and a hydrogen atom. The 
lowest energy conformation is the staggered conformation 
with the fewest and least severe gauche interactions, 
shown here. In this conformation, there is only one 
Me/Me gauche interaction. 


CH; 
H3C H 
1 3 
H CH4CHs 

H 4 5 


4.39. Both compounds share the same molecular formula 
(CeHi4). That is, they are constitutional isomers, and the 
unbranched isomer is expected to have the larger heat of 
combustion: 


Pd 


4.40. 


(a) The name 2,2,4-trimethylpentane indicates that the 
parent is a five-carbon chain and there are three 
substituents (two methyl groups at C2, and one methyl 


group at C4): 
pe 


1 3 5 


(b) The name 1,2,3,4-tetramethylcycloheptane indicates 
that the parent is a seven-membered ring and there are four 
substituents (all methyl groups), as shown: 


(c) The name 2,2,4,4-tetraethylbicyclo[1.1.0]butane 
indicates a bicyclic parent with two ethyl groups at C2 and 
two ethyl groups at C4, as shown: 


1 
Xp 
3 


4.41. We begin by drawing a Newman projection of 2,2- 


dimethylpropane: 


Deum m H3C CH3 
H 


A 


Notice that the front carbon has three identical groups (all 
hydrogen atoms), and the back carbon atom also has three 
identical groups (all methyl groups). As such, we expect 
all staggered conformations to be degenerate, and we 
expect all eclipsed conformations to be degenerate as 
well. Therefore, the energy diagram will more closely 
resemble the shape of the energy diagram for the 
conformational analysis of ethane. 


Potential 
Energy 


> 
180 120° 60° © 60° 120° 180° 
Dihedral Angle 


4.42. Two of the staggered conformations of 2,3- 
dimethylbutane are degenerate (each of these two 
conformations has three Me/Me gauche interactions). The 
remaining staggered conformation is lower in energy than 
the other two, because it exhibits only two Me/Me gauche 
interactions, as shown: 


n CH3 CH3 
H3C CH3 H3C CH3 
H CH, H3C H 
Potential H H 
energy H 
H3C CH3 
H3C CH3 
H 


4.43. For each of the following cases, we draw the second 
chair conformation using a numbering system to ensure 
the substituents are placed correctly. The numbering 
system does NOT need to adhere to IUPAC rules, as it is 
just a tool that we are using to draw both chair 
conformations correctly. After doing a chair flip, all UP 
groups are still pointing up, and all DOWN groups are still 


pointing down. Notice that a ring flip causes all equatorial 
groups to become axial groups, and vice versa. 


(a) 


,QH 
4 === Ca $ CH3 
3 7 4 
Cl 
(b) 
OH 
5g 74 ax s 
4 2 OH > A 4 —CI 
3 
CHs on 
(c) 
5 ors 1 
OH < 
Cl = 
4 % 2 
4.44, 


(a) The second compound is expected to have a higher 
heat of combustion because it has more carbon atoms, and 
thus more C-C and C-H bonds that can break (and release 
heat) upon combustion. 


(b) The first compound is expected to have a higher heat 
of combustion because it cannot adopt a chair 
conformation in which both methyl groups occupy 
equatorial positions. 


(c) The second compound is expected to have a higher 
heat of combustion because it cannot adopt a chair 
conformation in which both methyl groups occupy 
equatorial positions. 


(d) The first compound is expected to have a higher heat 
of combustion because it cannot adopt a chair 
conformation in which both methyl groups occupy 
equatorial positions. 


4.45. The energy diagram of 1,2-dichloroethane is similar 
to the energy diagram of butane (see Figure 4.11). The 
CH; groups have simply been replaced with chlorine 
atoms. 
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A $5 H 
H H T E Cl H 
H cl H H 
CI Cl 
Hel HG 
Potential 
Energy 
H H 
H H H H 
H H H cl c H H H 
H H H H 
CI Cl 


60° 120° 180° 
Dihedral Angle 


4.46. There are eight hydrogen atoms in axial positions 
(in bold) and seven hydrogen atoms in equatorial 
positions. 


H CH; CH 
Hu. do 


4.47. 

(a) The Newman projection indicates that the front 
carbon atom is connected to two methyl groups, while the 
back carbon atom is connected to two ethyl groups and a 
methyl group. This corresponds with the following bond- 
line drawing: 


observer back 
TT Ny carbon 
3 

H4C CH2CH3 7 Jl 
H3C H ii 

CH5CHs 

front 
carbon 


(b) The Newman projection indicates that the front 
carbon atom and the back carbon atom are part of a five- 
membered ring: 


CH; 
H 2 4 
4 
H 5 
CH3 


The front carbon atom is connected to a methyl group 
pointing above the ring, while the back carbon atom is 
connected to a methyl group pointing below the ring. This 
corresponds with the following bond-line drawing, with 
trans methyl groups on adjacent carbon atoms: 
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CH3 back D 
H carbon ( 
H | front cc 
carbon 
CH3 
observer 


(c) In this case, there are two Newman projections 
connected to each other, indicating a ring. If we count the 
carbon atoms, we can see that it is a six-membered ring 
(cyclohexane), viewing down the C5-C6 and C3-C2 
bonds simultaneously: 


a o 
wo NM 


observer 


4.48. 

(a) We first convert the Newman projection into a bond- 
line drawing, because it is easier to assign a systematic 
name to a bond-line drawing. In this case, the compound 
is hexane: 


H 
H H 
4 5 6 = PM S 
H' 2 CH5CH5CHs 1 3 5 
1 CH3 


(b) We first convert the Newman projection into a bond- 
line drawing, because it is easier to assign a systematic 
name to a bond-line drawing. In this case, the compound 
is methylcyclohexane: 


e a 
= 
N 


(c) We first convert the Newman projection into a bond- 
line drawing, because it is easier to assign a systematic 
name to a bond-line drawing. In this case, the compound 
is methylcyclopentane: 


CH3 ; 
H dz $ 3 
ud 1 
i a < 
H 4 
5 
VE. 


(d) As seen in the solution to Problem 4.47b, this 
compound is ¢rans-1,2-dimethylcyclopentane: 


CH3 j 
7, 3 
H 2 3 ^, 2 
S 4 
4 
H 5 1 5 
CH3 


4.49. In the eclipsed conformation of bromoethane, each 
H/H eclipsing interaction is 4 kJ/mol, and there are two of 
them (for a total of 8 kJ/mol). The remaining energy cost 
is associated with the Br/H eclipsing interaction: 15-8 = 
7 kJ/mol. 


4.50. In order to draw the first chair conformation, begin 
by assigning a numbering system, and then determine the 
location and three-dimensional orientation of each 
substituent: 


O 


Note that the numbering system need not adhere to 
IUPAC rules — the numbering system is simply a tool that 
we are using to guide us. When assigning the numbers to 
the chair drawing, the first number can be placed 
anywhere on the ring (as long as the numbers go 
clockwise), as seen in the solution to Problem 4.28a. 
Once we have drawn the first chair conformation, we 
then draw the second chair conformation, again using the 
same numbering system. After doing a chair flip, the 
methyl group is still up, the OH group is still up, and the 
isopropyl group is still down. Notice that a ring flip 
causes the three axial groups to become equatorial. 


= HO 
$ 2 4 


more stable 


Finally, we compare both chair drawings and determine 
which one has fewer or less severe 1,3-diaxial 
interactions. In the first drawing, all three substituents 
occupy axial positions, but in the second drawing, they all 
occupy equatorial positions. As such, the second chair 
conformation is more stable. 


4.51. 

(a) The methyl group occupies an axial position in one 
chair conformation, and occupies an equatorial position in 
the other chair conformation. The second chair 
conformation is more stable because it lacks 1,3-diaxial 
interactions. 


——- 
-———— 


cd 


(b) Both isopropyl groups occupy axial positions in one 
chair conformation, and both occupy equatorial positions 
in the other chair conformation. The second chair 
conformation is more stable because it lacks 1,3-diaxial 
interactions. 


ej — oA 


more stable 


Noe 


more stable 


(c) Both isopropyl groups occupy axial positions in one 
chair conformation, and both occupy equatorial positions 
in the other chair conformation. The second chair 
conformation is more stable because it lacks 1,3-diaxial 
interactions. 


po 


more stable 


(d) Both isopropyl groups occupy axial positions in one 
chair conformation, and both occupy equatorial positions 
in the other chair conformation. The second chair 
conformation is more stable because it lacks 1,3-diaxial 
interactions. 


pause « 
more stable 


4.52. 

(a) The compound below can adopt a chair conformation 
in which all three substituents occupy equatorial 
positions, as shown. Therefore, this compound is 
expected to be more stable. 


yw ] "np, | 


(b) The compound below can adopt a chair conformation 
in which all three substituents occupy equatorial 
positions, as shown. Therefore, this compound is 
expected to be more stable. 
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^, | NS 


(c) The compound below can adopt a chair conformation 
in which both substituents occupy equatorial positions, as 
shown. Therefore, this compound is expected to be more 


stable. 


(d) The compound below can adopt a chair conformation 
in which all four substituents occupy equatorial positions, 
as shown. Therefore, this compound is expected to be 
more stable. 


wv ] "up, | 


4.53. When looking from the perspective of the observer 
(as shown in the problem statement), the front carbon has 
a chlorine atom pointing up and to the right, a bromine 
atom pointing up and the left, and a methyl group pointing 
down. The back carbon atom has a chlorine atom pointing 
down and to the right, a bromine atom pointing down and 
to the left, as well as a methyl group pointing up. 


Observer 


CHs 
LAN Br Br cl 
Br cl 


cl Br CHs 


4.54. Two chair conformations can be drawn. In one of 
these conformations, all substituents occupy equatorial 
positions. In the other conformation, all substituents 
occupy axial positions. The all-equatorial conformation 
lacks 1,3-diaxial interactions, and is therefore the most 
stable conformation of glucose: 


4.55. Begin by drawing a Newman projection: 


HC CH3 


H3C CH3 
CH3 


2,2,3,3-tetramethylbutane 


All staggered conformations are degenerate, and the same 
is true for all eclipsed conformations. As such, the energy 
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diagram has a shape that is similar to the energy diagram 
for the conformational analysis of ethane: 


Potential 
Energy 


180 120° 60° © 60° 120° 180° 
Dihedral Angle 


The staggered conformations have six gauche 
interactions, each of which has an energy cost of 3.8 
kJ/mol. Therefore, each staggered conformation has an 
energy cost of 22.8 kJ/mol. The eclipsed conformations 
have three methyl-methyl eclipsing interactions, each of 
which has an energy cost of 11 kJ/mol. Therefore, each 
eclipsed conformation has an energy cost of 33 kJ/mol. 
The difference in energy between staggered and eclipsed 
conformations is therefore expected to be approximately 
10.2 kJ/mol. 


4.56. The two staggered conformations are lower in 
energy than the two eclipsed conformations. Among the 
staggered conformations, the anti conformation is the 
lowest in energy. Among the eclipsed conformations, the 
highest energy conformation is the one in which the 
bromine atoms are eclipsing each other. This information 
is summarized here: 


Increasing energy 


Br Br B Br 
r H r 

H H H Br oq H jg Br 
H H H H 

Br HH HH 
most stable least stable 
4.57. 
(a) This conformation has three Me/Me gauche 


interactions, each of which has an energy cost of 3.8 
kJ/mol. Therefore, this conformation has a total energy 
cost of 11.4 kJ/mol associated with steric strain. 


(b) This conformation has two Me/H eclipsing 
interactions, each of which has an energy cost of 6 kJ/mol. 
In addition, it also has one Me/Me eclipsing interaction, 
which has an energy cost of 11 kJ/mol. Therefore, this 
conformation has a total energy cost of 23 kJ/mol 
associated with torsional strain and steric strain. 


4.58. There are two chair conformations that can be 
drawn. In one chair conformation, all groups are 
equatorial except for one. In the other chair conformation, 
all groups are axial except for one. The conformation with 
only one axial group is more stable because it has fewer 
1,3-diaxial interactions. 


OH 
HO 
© 
HO OH 


4.59. 
(a) A group at C2, pointing up, will occupy an equatorial 
position, as seen here: 


R equatorial 


| 
H 


(b) A group at C3, pointing down, will occupy an 
equatorial position, as seen here: 


H 


(c) A group at C4, pointing down, will occupy an axial 
position, as seen here: 
H 
R axial 


(d) A group at C7, pointing down, will occupy an 
equatorial position, as seen here: 


H 


LE 


R 
equatorial 


(e) A group at C8, pointing up, will occupy an equatorial 
position, as seen here: 


equatorial 
R 


H 


(f) A group at C9, pointing up, will occupy an axial 
position, as seen here: 


R axial 


4.60. We are looking for constitutional isomers of CsHis 
that have a parent chain of seven carbon atoms (heptane). 
The extra CH3 group can be placed in any of three 
positions (C2, C3, or C4) giving the following three 
constitutional isomers: 


We cannot connect the CH; group to positions C1 or C7, 
as that would give a parent chain of eight carbon atoms 
(octane). We also cannot connect the CH; group to 
position C5 as that would generate the same structure as 
placing the CH3 group at the C3 position: 


Similarly, we cannot connect the CH3 group to position 
C6 as that would generate the same structure as placing 
the CH3 group at the C2 position. In summary, there are 
only three constitutional isomers of CsHis that have a 
parent name of heptane (shown above). 


4.61. The correct answer is (d). Compound (a) is cis-1,2- 
dimethylcyclohexane, which can be seen more clearly 
when the hydrogen atoms are drawn, and it is clear that 
both methyl groups are DOWN: 


H 
DOWN ,ACHs, DOWN 
CH3 = 
H "n 
“CH3 DOWN 
CH3) DOWN 


Compound (b) is a Haworth projection of cis-1,2- 
dimethylcyclohexane. 
Compound (c) is also cis-1,2-dimethylcyclohexane: 


UP 
H CH, 
H CH, UP oa UP 
H H 
CH 
H H DOWN 3 UP 
DOWN 


Compound (d) is the correct answer, because this 
compound is NOT cis-1,2-dimethylcyclohexane. Rather, 
it is trans-1,2-dimethylcyclohexane, which can be seen 
more clearly when the hydrogen atoms are drawn: 


H 
DOWN 
s CH3 DOWN 
CH3 E i 
É p ET 
UP CH, UP 


4.62. The correct answer is (b). As shown below, 
compound (a) has a five-carbon parent chain, with a 


H 
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methyl group (highlighted) connected to C2. Therefore, 
this compound is 2-methylpentane: 


H 4 5 
H k CH CH, 
4 
H3C CH3 
H 


2-methylpentane 


Compound (c) also has a five-carbon parent chain, with a 
methyl group connected to C2, so this compound is also 
2-methylpentane: 


2-methylpentane 


Similarly, compound (d) also has a five-carbon parent 
chain, with a methyl group connected to C2. Therefore, 
this compound is also 2-methylpentane: 


Hoo, a4 5 
H 2 |CH2CH35CHs 
H H 

CH3 


2-methylpentane 


The correct answer is compound (b). If we assign 
numbers to the carbon atoms in compound (b), we find 
that compound (b) is not 2-methylpentane. Indeed, it is 
2,3-dimethylbutane: 


H CH3 
2,3-dimethylbutane 


4.63. The correct answer is (c). The compound with the 
largest heat of combustion will be the compound that is 
highest in energy. All of the compounds are cycloalkanes 
with the molecular formula CsHio, but they differ in the 
size of the rings. Three-membered rings have more ring 
strain (higher energy), so compounds (a) and (b) are not 
the correct answers. The answer must be compound (c) 
or (d), both of which have a highly strained, cyclopropane 
ring. The difference between them is the relative 
orientation of the methyl groups. The cis isomer is 
expected to have more steric strain than the trans isomer, 
because the methyl groups are necessarily eclipsed (or 
close to being so), so compound (c) is the highest energy 
isomer. Compound (c) is therefore the correct answer. 
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4.64. The correct answer is (d) Heptane has the 
molecular formula C7H16, so we are looking for another 
compound with the same molecular formula. Compound 
(a) does not have the correct molecular formula (it is 
C7Hia, rather than C;Hi6) so it is not a constitutional 
isomer of heptane. Similarly, compound (b) also has the 
molecular formula C7H 4, so it is also not a constitutional 
isomer of heptane. Compound (c) has eight carbon atoms, 
so it is not a constitutional isomer of heptane. Compound 
(d) is the correct answer, since it has the molecular 
formula C-7H16. 


4.65. The correct answer is (d). The parent chain has six 
carbon atoms, so the parent will be hexane. This rules out 
two of the choices (with a parent of pentane). When 
numbering the parent chain, we number in the direction 
that gives the lower number to the first substituent. So the 
systematic name of the given compound is (d) 2,3- 
dimethylhexane. 


2 


5 3 
6 4 


2,3-dimethylhexane 


4.66. The correct answer is (c). The correct drawing of cis- 
1,4-dimethylcyclohexane has two methyl groups in the 
proper positions (1,4), and with a cis relationship (both up 
or both down). Only one drawing (c) represents cis-1,4- 
dimethylcyclohexane [note that drawing (a) is actually 
trans-1,4-dimethylcyclohexane ]. 

The conformation given is the most stable, with one 
substituent occupying an axial position and the other 
occupying an equatorial position: 


xd 


The other chair would have the exact same 1,3-diaxial 
interactions (with one substituent occupying an axial 
position and the other occupying an equatorial position): 


ved = ta. 


4.67. The correct answer is (b). A gauche interaction is a 
steric interaction that results when two groups in a 
Newman projection are separated by a dihedral angle of 


—— 
——— 


60°. In the choices given, the methyl groups are capable 
of gauche interactions, and (b) has two such interactions: 


H 
H Me, 
e 
Me 


4.68. The correct answer is (c). Three of the answer 
choices are staggered conformations, and we must look 
for the lowest energy (most stable) among them: 


lowest highest 
energy energy 
\ é Et Et 
ue H H H H Me 
HiP HRP HPT 
I-Pr I-Fr I-Fr 
H MAS H 
gauche interaction gauche interaction two gauche 
with smaller Et with larger i-Pr interactions 


The most stable conformation is the staggered 
conformation with one gauche interaction between the 
methyl and ethyl groups. The correct answer is the first 
drawing above, corresponding with choice (c). This 
conformation is the lowest in energy. The conformation 
with one gauche interaction between the methyl group and 
the larger isopropyl groups has larger steric interactions 
and is higher in energy, and the conformation with two 
gauche interactions is the highest energy staggered 
conformation given. 

The remaining (fourth) conformation is eclipsed, and is 
therefore the highest energy (least stable) of all given 
choices. 


4.69. The correct answer is (a). The tert-butyl group is a 
complex substituent, and it can be viewed as an ethyl 
group with two methyl groups (highlighted below) 
connected to C1 of the ethyl group. The systematic name 
for the tert-butyl group is (1,1-dimethylethyl): 


SE 
Parent — CHa 
CH3 


(1,1-dimethylethyl) 


4.70. There are five highlighted groups: two methyl groups, one cyclohexyl group and two complex substituents. For 
each of the complex substituents, we treat it as a “substituent on a substituent,” and we assign a name based on numbers 


going away from the parent, as shown: 
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Systematic = (2-methylpropyl) 


Common = isobutyl 


methyl 


Systematic = (1-methylethyl) 


Common = isopropyl 3 


4.71. As mentioned in Section 4.9, cyclobutane adopts a 
slightly puckered conformation in order to alleviate some 
of the torsional strain associated with the eclipsing 
hydrogen atoms: 

CI H 


H 


In this non-planar conformation, the individual dipole 
moments of the C-Cl bonds in  trans-1,3- 
dichlorocyclobutane do not fully cancel each other, giving 
rise to a small molecular dipole moment. 


4.72. 

(a) If we convert each Newman projection into a bond- 
line structure, we will be able to compare the two 
structures more easily. 


2 1 
H CH; : 
E nw 
H CH2CH3 
H 4 
2 1 
CH2CH4 
H3C CH3 
ot - 
H CH;CHs 
H 


Now let's compare these bond-line drawings by naming 
them (using IUPAC rules). Note that in the second bond- 
line drawing above, the numbers shown do not adhere to 
IUPAC rules. This was OK when we were using the 
numbers as a tool for redrawing the structures in bond-line 
format, but it is not OK to use the wrong numbers when 


cyclohexyl 


naming structures. To name these structures, we must use 
IUPAC rules, and we find that these two structures have 
the same name: 


S-ethyl-2-methyl- 
pentane 


3-ethy|-2-methyl- 
pentane 


Therefore, these two drawings represent the same 
compound. 


(b) In the first compound, the two methyl groups are 
attached to C1 and C2, but in the second compound, the 
two methyl groups are attached to C1 and C3. These 
compounds share the same molecular formula (CsHi6), 
but they have different constitution (connectivity of 
atoms). Therefore, these two compounds are 
constitutional isomers. 


(c) These two structures are both representations of 
bicyclo[2.2.1]heptane, as can be seen when we apply the 
numbering system below. Therefore, these two drawings 
represent the same compound. 


o 
A 
= 
N 
III 
o 9 
- v 
e N 


(d) We assign a systematic name to each structure, and 
find that they have different names (because they have 
different ring fusions, shown below). Therefore, they 
differ in their constitution (connectivity of atoms). These 
compounds are different from each other, but they share 
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the same molecular formula (CioH22), so they are 
constitutional isomers. 


7 6 
5 


Bicyclo[5.3.2]dodecane Bicyclo[4.4.2]dodecane 
(e) Both of these structures are cis-1,4- 
dimethylcyclohexane. They are representations of the 
same compound. 


(f) The first compound is cis-1,4-dimethylcyclohexane, 
and the second compound is  .frans-1,4- 
dimethylcyclohexane. These compounds are different, 
but they do not differ in their constitution. They differ in 
the 3D arrangement of atoms, so they are stereoisomers. 


(g) The first compound is cis-1,2-dimethylcyclohexane 
(both methyl groups are in UP positions), and the second 
compound is trans-1,2-dimethylcyclohexane (one methyl 
group is UP and the other is DOWN). These compounds 
are different, but they do not differ in their constitution. 
They differ in the 3D arrangement of atoms, so they are 
stereoisomers. 


(h) The first compound is cis-1,2-dimethylcyclohexane 
(both methyl groups are in UP positions), and the second 
compound is trans-1,2-dimethylcyclohexane (one methyl 
group is UP and the other is DOWN). These compounds 
are different, but they do not differ in their constitution. 
They differ in the 3D arrangement of atoms, so they are 
stereoisomers. 


4.73. 


(i) If we convert each Newman projection into a bond-line 
structure, we will be able to compare the two structures 
more easily. Then, if we assign a systematic name to each 
bond-line structure, we find that they have different 
names. Since they share the same molecular formula 
(C6H14), they are constitutional isomers. 


16H 
H CH 
34 = ee 4 
H CH; 1 
CH3 2,3-dimethylbutane 
1 *CH3 ‘4 
H3C 2 CH3 
= 3 2 7 
H H 
CH3 


2,2-dimethylbutane 


(j) The first compound is cis-1,3-dimethylcyclohexane, 
and the second compound is trans-1,3- 
dimethylcyclohexane. These compounds are different, 
but they do not differ in their constitution. They differ in 
the 3D arrangement of atoms, so they are stereoisomers. 


(k) In the first compound, the two methyl groups are 
attached to C1 and C3, but in the second compound, the 
two methyl groups are attached to C1 and C2. These 
compounds share the same molecular formula (CsHie), 
but they have different constitution (connectivity of 
atoms). Therefore, these two compounds are 
constitutional isomers. 


(a) The trans isomer is expected to be more stable, because the cis isomer has a very high-energy methyl-methyl eclipsing 


interaction (11 kJ/mol). See calculation below. 


(b) We calculate the energy cost associated with all eclipsing interactions in both compounds. Let's begin with the trans 
isomer. It has the following eclipsing interactions, below the ring and above the ring, giving a total of 32 kJ/mol: 


Eclipsing Interactions Below the Ring 


H/H CH3/H 
eclipsing eclipsing 
interaction interaction 
(4 kJ/mol) (6 kJ/mol) 


CH3/H eclipsing 
interaction 
(6 kJ/mol) 


Eclipsing Interactions Above the Ring 


CH3/H 
eclipsing 
interaction 
(6 kJ/mol) 


H/H 
eclipsing 
interaction 
(4 kJ/mol) 


CH3/H eclipsing 
interaction 
(6 kJ/mol) 
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Now let’s focus on the cis isomer. It has the following eclipsing interactions, below the ring and above the ring, giving 


a total of 35 kJ/mol: 


Eclipsing Interactions Below the Ring 


H/H 
H/H z eclipsing 
eclipsing / interaction 
interaction (4 kJ/mol) 
(4 kJ/mol) 


H/H eclipsing 
interaction 
(4 kJ/mol) 


Eclipsing Interactions Above the Ring 


CH3/H 
eclipsing 
interaction 
(6 kJ/mol) 


CH3/H 
eclipsing 
interaction 
(6 kJ/mol) 


CH3/CHs eclipsing 
interaction 
(11 kJ/mol) 


The difference between these two isomers is therefore predicted to be (35 kJ/mol) — (32 kJ/mol) = 3 kJ/mol. 


4.74. The gauche conformations are capable of intramolecular hydrogen bonding, as shown below. The anti 
conformation lacks this stabilizing effect, because the two OH groups are too far apart to form an intramolecular hydrogen 


bond. 


Anti Gauche 


4.75. If we convert each Newman projection into a bond- 
line structure, we see that these structures are 
representations of the same compound (2,3- 
dimethylbutane). They are not constitutional isomers. 


l l T 
H CH; 
H 2,3-dimethylbutane 
H 
H3C CH; 
H3C CH; 
H 2,3-dimethylbutane 


4.76. 

(a) Begin by assigning a numbering system, and then 
determine the location and three-dimensional orientation 
of each substituent: 


Gauche 
OH 
OH 
UO - Xd 
wv V 3 3 2 
= Cl 
Cl 


When assigning the numbers to the chair drawing, the first 
number can be placed anywhere on the ring (as long as the 
numbers go clockwise), as explained in the solution to 
Problem 4.28a. 

Once we have drawn the first chair conformation, we 
then draw the second chair conformation, again using a 
numbering system. After doing a chair flip, the OH and 
ethyl groups are still up, and the chloro and isopropyl 
groups are still down. Notice that a ring flip causes all 
equatorial groups to become axial groups, and vice versa. 


more stable 
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(b) Comparison of these chair conformations requires a 
comparison of the energy costs associated with all axial 
substituents (see Table 4.8). The first chair conformation 
has two smaller axial substituents: an OH group (energy 
cost = 4.2 kJ/mol) and a Cl group (energy cost = 2.0 
kJ/mol), giving a total of 6.2 kJ/mol. The second chair 
conformation has two larger axial substituents: an 
isopropyl group (energy cost — 9.2 kJ/mol) and an ethyl 
group (energy cost — 8.0 kJ/mol), giving a total of 17.2 
kJ/mol. The first chair conformation has a lower energy 
cost, and is therefore more stable. 


(c) Using the numbers calculated in part (b), the difference 
in energy between these two chair conformations is 
expected to be (17.2 kJ/mol) — (6.2 kJ/mol) = 11 kJ/mol. 
Using the numbers in Table 4.8, we see that a difference 
of 9.2 kJ/mol corresponds with a ratio of 97:3 for the two 
conformations. In this case, the difference in energy is 
more than 9.2 kJ/mol, so the ratio should be even higher 
(more than 97%). Therefore, we do expect the compound 
to spend more than 95% of its time in the more stable chair 
conformation. 


4.77. 

(a) If we focus our attention on one of the cyclohexane 
rings in decalin (highlighted below), we find that cis- 
decalin has one equatorial substituent and one axial 
substituent (shown in bold), while trans-decalin has two 
equatorial substituents (shown in bold). 


equatorial equatorial 
NG \ H 
H 
C axial [i H 
equatorial 
cis-decalin trans-decalin 


(less stable) (more stable) 


Note that if we focused on the other cyclohexane ring in 
each isomer (highlighted below), we would get the same 
result. Specifically, we see that cis-decalin has one 
equatorial substituent and one axial substituent (shown in 
bold), while trans-decalin has two equatorial substituents 
(shown in bold). 


equatorial 
H H 
H 
Z <> axial N 
equatorial "i equatorial 
cis-decalin trans-decalin 


(less stable) (more stable) 


The trans isomer has no 1,3-diaxial interactions and is, 
therefore, expected to be more stable than the cis isomer. 


(b) trans-Decalin is incapable of ring flipping, because a 
ring flip of one ring would cause its two alkyl substituents 
(which comprise the second ring) to be too far apart to 
accommodate the second ring. 


hypothetical 
ring flip 
————— 


l 


Consider this ring 


: : q cannot accomodate 
undergoing a ring flip 


a six membered ring 
connecting these 
two substituents. 


4.78. The given conformation allows for an intra- 
molecular hydrogen bond as indicated below by a dotted 
line. In this conformation, there are two hydrogen-bond 
acceptors (“A”) and two hydrogen bond donors (“D”) 
along the bottom edge of the molecule, as drawn. 


intramolecular 
hydrogen bond ENS H 
x N 
N 


SERA 
o¢ Î 


Next, to show the four intermolecular hydrogen bonds, we 
draw a second molecule rotated by 180° relative to the 
first. In this orientation the donor-donor-acceptor- 
acceptor pattern of the top molecule is complementary to 
the acceptor-acceptor-donor-donor motif on the bottom 
molecule, resulting in a bimolecular complex with the 
four intermolecular hydrogen bonds shown below. 


ON 


“O° E S 
AV AAW 
H H 
EN E 
0 Nw N NMS 
Se: 
H 


4.79. 

(a) The two substituents at the bridgehead carbons are cis 
to each other, analogous to the two bridgehead hydrogen 
atoms on cis-decalin. 


M 
e OH T 


The two bonds at the bridgehead 
positions (shown in bold} are cis 
to each other, just like the two 
H's in cis-decalin. 


(b) In order to clearly identify the position of the aromatic 
ring, we rotate the molecule counter-clockwise so that the 
6-membered ring shown in bold is oriented as shown 
below. In this orientation, it is clear that the aromatic ring 
(highlighted) is in an axial position: 


equatorial relative 
to the left chair 


but axial to the right chair (note, this structure has been 
rotated to see the other chair more clearly): 


axial relative to 
the right chair 


(d) The dihedral angle between the two methyl groups 
should be approximately 60° (From the perspective of the 
chair on the right, one is equatorial down, and the other is 
axial down. They are gauche to each other.) 
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equatorial 
down 

(relative to axial down 

the right chair) 


4.80. The three staggered conformations are as follows: 


OH OH OH 
Me OH HO H H Me 
H Me H Me H Me 
H Me OH 
A B Cc 


Several types of gauche interactions are present in these 
conformers (Me/Me, Me/OH, and/or OH/OH). The strain 
of a methyl-methyl gauche interaction is 3.8 kJ/mol (see 
Table 4.6). The destabilization due to a Me/OH gauche 
interaction can be estimated as being roughly half of the 
value for the 1,3-diaxial interaction associated with an OH 
group (an OH group in an axial position experiences two 
gauche interactions, each of which might be expected to 
be somewhat similar to a Me/OH gauche interaction). 
Therefore, a Me/OH gauche interaction is expected to be 
approximately 4.2 / 2 = 2.1 kJ/mol (see Table 4.8). 

Before exploring the OH/OH gauche 
interaction, our analysis thus far gives the following 
calculations for each conformer 


Conformer A: 2 x 2.1 kJ/mol = 4.2 kJ/mol 
Conformer B: 3.8 kJ/mol 
Conformer C: 2 x 2.1 kJ/mol + 3.8 kJ/mol = 8.0 kJ/mol 


This calculation must be modified when we take into 
account the effect of two OH groups that are gauche to 
each other, as seen in conformers A and B. We should 
expect an OH/OH gauche interaction to be less than a 
Me/Me gauche interaction (less than 3.8 kJ/mol), because 
an OH group appears to be less sterically encumbering 
than a methyl group (compare CH3 and OH in Table 4.8). 
Therefore, the destabilizing effect associated with an 
OH/OH gauche interaction (less than 3.8kJ/mol) should 
be overshadowed by the stabilizing effect that results from 
the hydrogen bonding interactions between the two OH 
groups, which is expected to be approximately 20 kJ/mol 
(see section 1.12). As a result, we expect extra 
stabilization to be associated with any conformer in which 
two OH groups are gauche to each other. This occurs in 
conformers A and B, but the hydroxyl groups in C are too 
far to form this type of interaction. If we assume that the 
stabilization achieved through hydrogen bonding is the 
same for conformers A and B, then conformer B should 
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be the lowest-energy staggered conformation for this 
compound. 


4.81. 
(a) The all-equatorial chair conformation of compound 2 
experiences severe steric repulsion due to the nearby 
isopropyl groups as evident in the following drawing, in 
which we focus on the interactions between a pair of 
neighboring isopropyl groups. These interactions, 
highlighted below, occur for each pair of neighboring 
isopropyl groups. 
i-Pr. M 
i-Pr Me 
i-Pr 3 
i-r. MeMe 


A double Newman projection of 2, shows how crowded 
the equatorial groups are as the methyl groups are in 
constant contact with each other. These interactions, 
highlighted below, occur for each pair of neighboring 
isopropyl groups. 


steric 
strain 


(b) In the all-axial chair conformation for 2, the C-H 
bond of each isopropyl group can all point towards each 
other (highlighted below) such that steric repulsion can be 
minimized. For clarity, this is shown only for the top face 
of the cyclohexane ring in the following structure. 


i-Pr i-Pr 


In this conformation, the methyl groups shown above 
avoid steric strain. In the all-equatorial chair 
conformation, it is not possible for the methyl groups to 
avoid steric strain entirely. In the all-equatorial chair 
conformation, each isopropyl group is in close proximity 
with two neighboring isopropyl groups (one on either 
adjacent carbon atom), and the hydrogen atom of each 
isopropyl group can only point to only one of its isopropyl 
neighbors, not both. So, in the all-equatorial chair 
conformation, the methyl groups of each isopropyl group 
will experience steric strain that cannot be avoided. In 
contrast, in the all-axial chair conformation, the isopropyl 
groups can achieve less steric strain (because neighboring 
isopropyl groups are pointing in opposite directions, 
relative to the ring, and are not close to one another). 


4.82. 
(a) Each compound has three rings, labeled A, B, and C. 
H 
i9) i9) 
i E TD 
Bo oW He °° 


In each compound, the A-B fusion represents a trans- 
decalin system: 


CD - ape 
H H 


The trans fusion imposes a severe restriction on the 
conformational flexibility of the system. Specifically, in 
a trans-decalin system, neither ring can undergo a ring- 
flip to give a different chair conformation. For each ring, 
the chair conformation shown above is the only chair 
conformation that is achievable. However, both rings are 
still free to adopt a higher energy boat conformation. For 
example, the B ring of ¢rans-decalin can adopt the 
following boat conformation: 


H H 
H. ehair H Boat 
In compound 1, the C ring imposes a further 


conformational restriction, by locking the B ring into a 
chair conformation: 


H 
M 
SOs ae 
: i9) 
1 


In contrast, the C ring in compound 2 imposes the 
restriction of locking the B ring in a boat conformation: 


Tu" 


H H 
o = H 
e "icy Oo —Oo 
Hn LN 


(b) The boat conformation of compound 2 is expected to 
be higher in energy than the chair conformation of 
compound 1. Therefore, compound 2 is expected to have 
the higher heat of combustion. In fact, the investigators 
prepared compounds 1 and 2 for the purpose of measuring 
the difference in energy between chair and boat 
conformations. 


Chapter 5 
Stereoisomerism 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 5. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 


Vocabulary. 
° isomers have the same connectivity of atoms but differ in their spatial arrangement. 
e Chiral objects are not superimposable on their . The most common 
source of molecular chirality is the presence of a , acarbon atom bearing 


different groups. 
A compound with one chiral center will have one nonsuperimposable mirror image, called its 


The Cahn-Ingold-Prelog system is used to assign the of a chiral center. 

A polarimeter is a device used to measure the ability of chiral organic compounds to rotate the 
plane of light. Such compounds are said to be active. 

A solution containing equal amounts of both enantiomers is called a mixture. A 
solution containing a pair of enantiomers in unequal amounts is described in terms of 
enantiomeric : 

For a compound with multiple chiral centers, a family of stereoisomers exists. Each stereoisomer 
will have at most one enantiomer, with the remaining members of the family being 


A compound contains multiple chiral centers but is nevertheless achiral, because it 
possesses reflectional symmetry. 

projections are drawings that convey the configuration of chiral centers, without the 
use of wedges and dashes. 
Compounds that contain two adjacent C=C bonds are called , and they are another 
common class of compounds that can be chiral despite the absence of a chiral center. 
The stereodescriptors cis and trans are generally reserved for alkenes that are disubstituted. For 


trisubstituted and tetrasubstituted alkenes, the stereodescriptors and must be used. 
indicates priority groups on the same side, while indicates priority groups on opposite 
sides. 
Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 5. The answers appear in the section entitled SkillBuilder Review. 


SkillBuilder 5.1 Locating Chiral Centers 


Circle the chiral center 


in the following Sx) 
compound —— 


SkillBuilder 5.2 Drawing an Enantiomer 


Show three ways to 


draw the enantiomer of NH; 
the following compound. 
Place your answers in 


the boxes shown. 
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SkillBuilder 5.3 Assigning the Configuration of a Chiral Center 


Assign the configuration of the 


O 
chiral center (R or S) in the 
following compound. HO 
HN H 


SkillBuilder 5.4 Calculating Specific Rotation 


Calculate the specific rotation 


given the following information: 


0.300 grams sucrose specific rotation = [a] = 


dissolved in 10.0 mL of water Qxl | 
sample cell = 10.0 cm 
observed rotation = +1.99° 


SkillBuilder 5.5 Calculating % ee 


Calculate the enantiomeric excess 


o] of mixture 
given the following information: [o] 


[o] of pure enantiomer 


Nee = 


The specific rotation of optically 
pure adrenaline is -53. 

A mixture of (R)- and (S)- 
adrenaline was found to have a 
specific rotation of -45. 
Calculate the % ee of the 
mixture. 


mus 
Ez 


X 100% 


SkillBuilder 5.6 Determining Stereoisomeric Relationship 


Identify whether the given OH OH 
compounds are enantiomers = 


or diastereomers: B oe | 


SkillBuilder 5.7 Identifying Meso Compounds 


Draw all possible stereoisomers of 1,2-cyclohexanediol (shown left) and then look for a plane of symmetry in 
any of the drawings. The presence of a plane of symmetry indicates a meso compound. 


OH 
E 


OH 


enantiomers 


a meso compound 


SkillBuilder 5.8 Assigning Configuration from a Fischer projection 


Assign the configuration of the 


chiral center in the following 9) OH 
compound. 

H OH 

CH20H 


SkillBuilder 5.9 Assigning the Configuration of a Double Bond 


Assign the configuration of the 


central double bond in the HO 
following compound. 


CHAPTER 5 143 


Common Mistakes to Avoid 


When drawing a chiral center, the four groups connected to the chiral center are typically drawn so that one 
group is on a wedge (which indicates that it is coming out of the page), and one group is on a dash (which 
indicates that it is going behind the page), and two groups are on straight lines (which indicate that these two 
groups are in the plane of the page), as seen in each of the following drawings: 


S ^n, 
MZ = 


Notice that in all of these cases, the two straight lines form a V, and neither the dash nor the wedge is placed 
inside that V. This is very important. If either the dash or the wedge is placed inside the V, the drawing 
becomes ambiguous and inaccurate. Avoid making this common mistake: 


WRONG WRONG 
B3 c 
This dash cannot This wedge cannot 
be placed here, be placed here, 
inside the V inside the V 


The drawings above do not make any sense, and if a chiral center is drawn like either of the drawings above, 
it would be impossible to assign a configuration to the chiral center. Never draw a chiral center that way. 
For the same reason, never draw a chiral center like this: 


WRONG WRONG 


toc 


These two drawings imply square planar geometry, which is not the case for an sp? hybridized carbon atom 
(the geometry is tetrahedral). In some rare cases, you might find a chiral center for which three of the lines 
are drawn as straight lines, as in the following example: 


H 


This compound has one chiral center, and its configuration is unambiguous (and therefore acceptable), 
although you will not encounter this convention often. In most cases that you will encounter in this course, 
a chiral center will be drawn as two lines (making a V), and one wedge and one dash that are both outside of 
the V: 


M 
M 
NM 
NS 
^ 
` 
` 
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Solutions 


5.1. 
There are two C=C units in the ring (highlighted), and 
their configurations are shown below. 


trans 


J 


cis 


The remaining C-C unit is not stereoisomeric, because it 
has two identical groups (hydrogen atoms) connected to 
the same position. 


5.2. We first draw a bond-line structure, which makes it 
easier to see the groups that are connected to each of the 
double bonds. 


ZA 


Each of the double bonds has two identical groups 
(hydrogen atoms) connected to the same position. 


H 
xti xdi diia 


H H 


As such, neither double bond exhibits stereoisomerism, so 
this compound does not have any stereoisomers. 


5.3. 

(a) Compound X must contain a carbon-carbon double 
bond in the trans configuration, which accounts for four 
of the five carbon atoms: 


A 
1 3 


Now we must decide where to place the fifth carbon atom. 
We cannot attach this carbon atom to a vinylic position 
(C2 or C3), as that would give a double bond that is not 
stereoisomeric, and compound X is supposed to have the 
trans configuration. 


same 


group Gc 
Sos 


1 3 
not stereoisomeric 


Therefore, we must attach the fifth carbon atom to an 
allylic position, giving the following compound: 


ASA 
1 3 5 


(b) Compound Y possesses a carbon-carbon double bond 
that is not stereoisomeric, which means that it must 
contain two identical groups connected to the same vinylic 
position. Those identical groups can be methyl groups, as 
in the following compound, 


same 


ES 


or the identical groups can be hydrogen atoms, as in the 
following three compounds: 


j TE 
ae TON 


H 
NT 


5.4. In each of the following cases, we ignore all sp?- 
hybridized carbon atoms, all sp-hybridized carbon atoms, 
and all CH? and CH; groups. We identify those carbon 
atoms bearing four different groups (highlighted below): 


(a) This compound has two chiral centers: 
OH 
fuma 
HO OH 


(b) This compound has five chiral centers: 


(c) This compound has five chiral centers: 


OH 


N 


`o 


(d) This compound has only one chiral center: 


HO 


OH 


5.5. Recall that constitutional isomers are compounds that 
share the same molecular formula, but differ in 
constitution (the connectivity of atoms). There are two 
different ways that four carbon atoms can be connected 
together. They can be connected in a linear fashion 
(below left), or they can be connected with a branch 


(below right). 


branched 


OMM 


linear 


For each of these skeletons, we must consider the different 
locations where a bromine atom can be placed. In the 
linear skeleton, the bromine atom can either be placed at 
Cl orat C2. 


BA aS Ig 
1 3 


Placing the bromine atom at C3 is the same as placing it 
at C2: 


oos 


Similarly, placing the bromine atom at C4 is the same as 
placing it at C1. 

Now let's consider the branched skeleton. There are two 
unique locations where the bromine atom can be placed 
(either at C1 or at C2). 
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Placing the bromine atom at C3 or C4 is the same as 
placing it at C1: 


i 


In summary, we have found four constitutional isomers 
with the molecular formula C4HoBr, shown again here: 
chiral 


center 
NS Br 
Br UM a 
Pd 


E 


p 


Note that only one of these isomers exhibits a carbon atom 
that is connected to four different groups, which makes it 
a chiral center. 


5.6. The phosphorus atom has four different groups 
attached to it (a methyl group, an ethyl group, a phenyl 
group, and a lone pair). This phosphorous atom therefore 
represents a chiral center. This compound is not 
superimposable on its mirror image (this can be seen more 
clearly by building and comparing molecular models). 


5.7. 

(a) To draw the enantiomer, we simply redraw the 
structure in the problem statement, except that we replace 
the wedge with a dash, as shown: 


OH H 
E N 
pb di: 
HO 


(b) To draw the enantiomer, we simply redraw the 
structure in the problem statement, except that we replace 
the wedge with a dash, as shown: 


H H 


(c) To draw the enantiomer, we simply redraw the 
structure in the problem statement, except that we replace 
the wedge with a dash, and we replace the dash with a 
wedge, as shown: 


Om 
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(d) To draw the enantiomer, we simply redraw the 
structure in the problem statement, except that we replace 
the wedge with a dash, as shown: 


e UM 
HO AS UN. 
HO 


(e) To draw the enantiomer, we simply redraw the 
structure in the problem statement, except that we replace 
the wedge with a dash, and we replace the dash with a 
wedge, as shown: 


(f) To draw the enantiomer, we simply redraw the 
structure in the problem statement, except that we replace 
the wedge with a dash, and we replace the dash with a 
wedge, as shown: 


(g) Wedges and dashes are not drawn in the structure in 
the problem statement, because the three-dimensional 
geometry is implied by the drawing. In this case, it will 
be easier to place the mirror on the side of the molecule, 
giving the following structure for its enantiomer: 


dh 
HO 


Note that swapping the positions of the OH and H inverts 
that chiral center in the same way that swapping dashes 
and wedges would, but it does NOT produce the 
enantiomer because the resulting drawing is not a mirror 
image of the given compound. This compound has three 
chiral centers (marked with * below), and all three would 
have to be modified to draw the enantiomer. Drawing the 
mirror image is the easiest method in this case. 


not the enantiomer 


5.8. To draw the enantiomer, we simply redraw the 
structure in the problem statement, except that we replace 
all of the wedges with dashes, and we replace all of the 
dashes with wedges, as shown: 


5.9. 

(a) This compound has two chiral centers, shown here. 
The following prioritization schemes led to the 
assignment of configuration for each chiral center. 


OH 


Prioritization scheme 


=. MM 1 


AH, IC 
3 
Prioritization scheme O| “Tie breaker —> (H 
"P C H 
H H 
H? (O-H 
C C 
3 2 
C. æ Tie breaker —* (N 
C (6 
G H 


(b) This compound has two chiral centers, shown below. 
The following prioritization schemes led to the 
assignment of configuration for each chiral center. 


Prioritization scheme 


C C 
3 NX 2 
Prioritization scheme Br (H 
1 2 —1Br 1 4 
H 
Cl Ke H C -—Tie breaker —» (CI 
S H [e 
fe. C H C 
3 4 ——ST——$—S—S—_={— 
Cl) ~—Tie breaker — (C 
H 
[e H 


Note that in both cases the lowest priority group (4) is not 
on a dash, so your point of view must be adjusted before 
assigning the configuration (e.g., by switching groups). 


(c) This compound has two chiral centers, shown below. 
The following prioritization schemes led to the 
assignment of configuration for each chiral center. 


Prioritization scheme 


Prioritization scheme 


(0 4 1 
C CJ -19 
xt dé Ke 
à D X. E 
HC AOT PET 
4 3 2 3 
C | -«— Tie breaker —» [H O] -«—Tie breaker —/C 
c H [9] C 
H H C H 


For the chiral center on the right, the lowest priority group 
(H) is not on a dash, so your point of view must be 
adjusted before assigning the configuration (e.g., by 
switching groups). 


(d) This compound has three chiral centers. The 
following prioritization schemes led to the assignment of 
configuration for each chiral center. 


Prioritization scheme 
4 


2 H 


1 
Of 


3/C 


S -«—Tie breaker X | N 
[e 


Prioritization scheme 


3/C 

7 aa 1 
C 2 (H 
3 4 4 


C æ Tie breaker —==| N S. -«—Tie breaker —3- N 
H e C G 
H H H H 


For all three chiral centers, the lowest priority group (H) 
is not on a dash, so your point of view must be adjusted 
before assigning the configuration (e.g., by switching 


groups). 
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(e) This compound has four chiral centers, shown below. 
The following prioritization schemes led to the 
assignment of configuration for each chiral center. 


Prioritization scheme Prioritization scheme 
4 —-H 
e C 2 (Hia .H 
` 2 
; i C— 4C i 
Br (H 
1 4 1(C 
H -«— Tie breaker => O C| -«— Tie breaker —> (O 
H [e H [e 
H (e H H 
SI 
: T CI 
p. R-wO^ S. We 
Br \ 
Prioritization scheme Prioritization scheme 
3 —C Q2 
C H 3 
2 1 H O Wie 
C A O 1 H 
4C 4 
Br-«— Tie breaker —€k H C Cc 
[9] H C -«— Tie breaker —3» H 
H H H H 


For three out of the four chiral centers, the lowest priority 
group (H) is not on a dash, so your point of view must be 
adjusted before assigning the configuration (e.g., by 
switching groups). 


(f) This compound has two chiral centers, shown here. 
The following prioritization schemes led to the 
assignment of configuration for each chiral center. 


Prioritization scheme Prioritization scheme 
4 1 C C 
H) (© 23 
d HIN 
C C 4 4 
3 2 
C) Tie breaker —> (N [0] [6] 
C [6 C -«—Tie breaker —* H 
G H H H 


OH 
N. 20 
ON H^ Í 
e sel 


5.10. 

(a) Atthe alpha carbon of every naturally occurring chiral 
amino acid, hydrogen is the lowest priority (#4) and 
nitrogen is the highest priority (#1). The other two atoms 
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at the chiral center are both carbon (the carboxylic acid 
group and the so-called “side chain," R, of the amino 
acid). In almost every amino acid, including histidine, 
proline and aspartic acid, the oxygen atoms of the 
carboxylic acid functional group give that carbon a higher 
priority than the side chain (-COoH is #2), resulting in an 
S configuration. 


Prioritization scheme 
"| C C 
mdr 2 
NX X 
M E: OH AN 
NH H NH» 4 1 
RE C -«— Tie breaker 3» (O 
(S)-histidine H mee ae 6 
H [o 
5 Prioritization scheme 
C C 
3 C8 
u OH Pa 
H N) (H 
NH 1 4 
-proli C | -— Tie breaker — (O 
(S)-proline 3 ie breaker d 
H (6) 
Prioritization scheme 
Oo 
C C 
HO : 
Y^x oe 3 X 2 
o H NH; 4 4 
: ; C)~<—Tie breaker —» (O 
(S)-aspartic acid 4 ud 6 
H (6) 


The only exception is cysteine; because the attached sulfur 
atom has a higher atomic number than oxygen, cysteine 
has the R configuration. 


Prioritization scheme 


O 
E A Ra 
H NH; a 4 
; S -— Tie breaker —*O 
(R)-cysteine H o 


H (0) 


Note that the (S, H, H) on the “side chain” carbon is a 
higher priority than the (O, O, O) on the carboxylic acid 
carbon because the one sulfur atom has a higher atomic 
number than each of the three oxygen atoms. 


(b) Glycine is achiral because the side chain is a hydrogen 
atom, so there are two hydrogen atoms connected to the 
alpha carbon. As a result, it cannot be a chiral center, 
because it doesn’t have four unique groups. 


Oo 
two groups | H 
on a-carbon T OH 
are identical NH; 


glycine (achiral) 


5.11. The problem statement indicates that 0.575 grams 
are dissolved in 10.0 mL, so the concentration is 
0.575g/10.0 mL = 0.0575g/mL. The path length is 10.0 
cm, which is equivalent to 1.00 dm, and the observed 
rotation is +1.47°. Plugging these values into the 
equation, we get the following: 


a 
specific rotation = [a] = — 
D Ia] =a 


x (+1.47°) zat 


(0.0575 g/mL) x (1.00 dm) 


5.12. The problem statement indicates that 0.095 grams 
are dissolved in 1.00 mL, so the concentration is 
0.095g/1.00 mL =0.095g/mL. The path length is 10.0 cm, 
which is equivalent to 1.00 dm, and the observed rotation 
is -2.99°. Plugging these values into the equation, we get 
the following: 


a 

ifi tation — SESS. 

specific rotation = [a] axi 
(-2.99° ) 


= -31.5 


(0.095 g/mL) x (1.00 dm) 


5.13. The problem statement indicates that 1.30 grams are 
dissolved in 5.00 mL, so the concentration is 1.30g/5.00 
mL = 0.260g/mL. The path length is 10.0 cm, which is 
equivalent to 1.00 dm, and the observed rotation is +0.57°. 
We then plug this value into the equation, as shown: 


a 
ifi tation — = 
specific rotation = [a] exi 
(40.57?) 


= = 422 
(0.260 g/mL) x (1.00 dm) 


5.14. 

(a) In this problem we are solving for the observed 
rotation, a, with a known specific rotation, [a]. The 
concentration (c) must be calculated to obtain the proper 
units of grams per milliliter. A 500 mg tablet is equivalent 
to 0.500 grams, and with 10.0 mL of solvent, the 
concentration (c) is calculated to be 0.0500 g/mL. The 
pathlength (/) is given as 10.0 cm, which is equivalent to 
1.00 dm. 


[a] = -93.4 


c = (0.500 g} / (10.0 mL) = 0.0500 g/mL 


[| =10.0 em = 1.00 dm 


Plugging these values into the equation and solving for a 
gives an expected observed rotation of —4.67°. 


a 


[o] 


cxi 
a 


0.0500 g/mL x 1.00 dm 


-93.4 


a = (-93.4)(0.0500)(1.00) = -4.67° 


(b) Because this enantiomer has a negative [a]? value, it 
is described as levorotatory. A clever combination of 
levorotatory and etiracetam leads to the drug’s name, 
levetiracetam. It is good to point out the sometimes 
confused, but completely separate, properties of having an 
S configuration (a result of applying IUPAC rules) and 
being levorotatory (as measured by a polarimeter). You 
will recall that a compound with an S configuration might 
be either dextrorotatory (optical rotation a> 0) or 
levorotatory (optical rotation a < 0), which can only be 
determined experimentally. 


5.15. The % ee is calculated in the following way: 


o] of mixture 
96 ee la] 


X 100% 


[o] of pure enantiomer 


-37 
= — X 100% 
-39.5 i 
= 94% 
5.16. The % ee is calculated in the following way: 


0, gd [o] of mixture x 100% 


[o] of pure enantiomer 


_ -6.0 " 
= Zz X10% 


= 95% 
5.17. The % ee is calculated in the following way: 


% ee [o] of mixture x 100% 


[a] of pure enantiomer 


— +85 0, 
co» X 100% 


= 9294 


5.18. The magnitude of the specific rotation for 1 is 
calculated using the reported ee; the calculation below 
indicates a value of 74.4. 
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[o] of mixture 


% ee = — — — — x 10096 
[o] of pure enantiomer 
[o] of 96 ee x [o] of pure enantiomer 
mixture — 100% 


100% 
= 74 


Next, we must determine the sign (+ or —) of the specific 
rotation. The problem statement indicates that the pure 
(S) enantiomer is dextrorotatory. Since 1 has the (R) 
configuration (see below), we conclude that it must be 
levorotatory. Therefore, the specific rotation [a] should 
be —74. 


Prioritization scheme 


4H 01 


[S [S 
3 2 


-—-Tie breaker 3 O 


O00 
[9] 


5.19. 
(a) Weassign a configuration to each chiral center in each 


compound, and we compare: 
ee ck 
R "n 7 S 


In the first compound, both chiral centers have the R 
configuration, while in the second compound, both chiral 
centers have the S configuration. These compounds are 
mirror images of each other, but they are 
nonsuperimposable. That is, if you try to rotate the first 
compound 180 degrees about a horizontal axis, you will 
not generate the second compound (if you have trouble 
seeing this, you may find it helpful to build a molecular 
model). These compounds are therefore enantiomers. 


(b) We assign a configuration to each chiral center in each 
compound, and we compare: 


Cl. 
S S 


In the first compound, the configurations of the chiral 
centers are R and S, while in the second compound, they 
are Sand S. These compounds are stereoisomers, but they 
are not mirror images of each other. Therefore, they are 
diastereomers. 
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(c) We assign a configuration to each chiral center in each 
compound, and we compare: 


OH OH 
aN zd 
Cl 
In the first compound, the configurations of the chiral 
centers are R and R, while in the second compound, they 
are R and S. These compounds are stereoisomers, but they 


are not mirror images of each other. Therefore, they are 
diastereomers. 


(d) We assign a configuration to each chiral center in each 
compound, and we compare: 


OH OH 


4, 
2 
. "n, È 


In the first compound, the configurations of the chiral 
centers are R, S, and R, respectively. In the second 
compound, they are S, S, and R. These compounds are 
stereoisomers, but they are not mirror images of each 
other. Therefore, they are diastereomers. 


(e) We assign a configuration to each chiral center in each 
compound, and we compare: 


; 
J 


In the first compound, the configurations of the chiral 
centers are R and S, while in the second compound, they 
are R and R. These compounds are stereoisomers, but they 
are not mirror images of each other. Therefore, they are 
diastereomers. 


5.20. (—)-Lariciresinol has 3 chiral centers, so the maximum number of stereoisomers = 2? = 8. The original compound 
is included in the total, so there are 7 additional stereoisomers. A molecule can only have one enantiomer, so the 
remaining 6 stereoisomers are all diastereomers of (—)-lariciresinol. 


(2ariciresinol 


OH 


OCH; 


I 

[o 
BN 
ZZ 
t, 
Ww 


OH 


diastereomer 


diastereomer 


OH 


diastereomer 


H4CO 


H4CO 


HO 


diastereomer 


5.21. 

(a) Yes, there is a plane of symmetry that chops the 
goggles in half, with the right side reflecting the left side. 
(b) Yes, there is a plane of symmetry that goes through 
the handle of the cup. 

(c) No, there is no plane of symmetry. At first glance, the 
pliers look fairly symmetrical, but if you look more 
closely you will notice that one handle attaches on the top 
face ofthe other handle (much like the difference between 
left-handed scissors and right-handed scissors, neither of 
which has a plane of symmetry). 

(d) Yes, there is a plane of symmetry that chops the 
whistle in half. 

(e) Yes, there are three planes of symmetry in this cinder 
block. 

(f) No, there are no planes of symmetry in a hand. 


5.22. The cinder block (5.21e) has three planes of 
symmetry, each of which chops the block in half. 


5.23. Each of the following compounds has a plane of 
symmetry, as shown: 


(a) (b) 
Me Cl pue 
KC uu i 
Me Br Bua 
(c) (d) 
Me Me HO ge 
(e) (f) 
f CI 
5.24. 


(a) With two chiral centers, we would expect a maximum 
of four stereoisomers. However, there are only three 
stereoisomers in this case, because the first one shown 
below is a meso compound. 


M" 
i "n 


meso 
The meso compound has a plane of symmetry and is, 
therefore, achiral. It does not have an enantiomer 
(replacing the wedges with dashes results in the same 
compound). 
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SV 
eq o 
A meso compound has no enantiomer. 
(b) With two chiral centers, we would expect a maximum 
of four stereoisomers. However, there are only three 


stereoisomers in this case, because the first one shown 
below is a meso compound. 


2 


HO OH HO OH HO OH 


meso 


The meso compound has a plane of symmetry and is, 
therefore, achiral. It does not have an enantiomer 
(replacing the wedges with dashes results in the same 
compound). 


HÒ OH 


HO OH 


A meso compound has no enantiomer. 


(c) With two chiral centers, we would expect a maximum 
of four stereoisomers. However, there are only three 
stereoisomers in this case, because the first one shown 
below is a meso compound. 


JO ne 24 
SOO 
orn 


The meso compound has a plane of symmetry and is, 
therefore, achiral. It does not have an enantiomer 
(replacing the wedges with dashes results in the same 


compound). 
OH 
jd 3 C 3 1 
is the same as: 


HO OH 
; NE 


o 


Ned 
BN 
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(d) With two chiral centers, there are four stereoisomers. 
In this case, there are no meso compounds, due to a lack a- 
of symmetry in the molecule. 
2 
"D 
| meso 
"n, 
í The meso compound has a plane of symmetry and is, 
therefore, achiral. It does not have an enantiomer 


(replacing the wedges with dashes results in the same 
KO compound). 
“ny 


S 


(e With two chiral centers, we would expect four My 
stereoisomers. However, there are only three 
stereoisomers in this case, because the first one shown 


; A meso compound has no enantiomer. 
below is a meso compound. 


5.25. For a molecule with two chiral centers, we would expect up to four stereoisomers. However, there are only three 
stereoisomers in this case, because one is a meso compound, shown first below. 


E oO i9) 2 3i (0) i9) 4 
m - E =O 


H4C—O O—CH; H4C—O O—CHs 


meso 
(achiral) 


ee ee O 


z 
Ø 


HO OH HO OH 
Ha4C—O O—CHs Ha4C—O O—CHs 
chiral NS. ue chiral 


enantiomers 


The meso compound is achiral. The other two stereoisomers are chiral, and they are enantiomers of each other. The 
problem statement indicates that a racemic mixture (a pair of enantiomers) was isolated from the plant. Therefore, the 
two chiral stereoisomers must have been isolated from the plant. 


5.26. 
(a) This chiral center has the R configuration, as shown 
below: 


Ox. LOH On 0H Ox 20H 
B 4 1 
H NH? =  HeXLNH, = H—— NH» 
CHOH CH;OH 3 CH OH 
R 


Note that the lowest priority group (H) is not ona dash, so 
your point of view must be adjusted before assigning the 
configuration (e.g., by switching groups). 


(b) This chiral center has the S configuration, as shown 
below: 


Ox LH Oa. ^H O42, H 
z 1 4 

HO H = HOH = HO—i—H 
CH3 CH3 3 CH3 


S 
Note that the lowest priority group (H) is not on a dash, so 
your point of view must be adjusted before assigning the 
configuration (e.g., by switching groups). 


(c) This chiral center has the S configuration, as shown 


below: 
2 


CH2OH CH20H CH,OH 
HOH = Hoe-H = HO— H4 
CH5CHs3 CH5CH5 3 CH5CH5 

S 


Note that the lowest priority group (H) is not on a dash, so 
your point of view must be adjusted before assigning the 
configuration (e.g., by switching groups). 


(d) This chiral center has the S configuration, as shown 


below: 
2 


CH;OH CH;OH CH;OH 
Brh = BH = BeH 
CH; CH, 3 CH 

s 


Note that the lowest priority group (H) is not on a dash, so 
your point of view must be adjusted before assigning the 
configuration (e.g., by switching groups). 


5.27. 

(a) For each chiral center, we follow the same procedure 
that we used in the previous problem. We first redraw the 
chiral center so that there are two lines, one wedge, and 
one dash: 


A A 
p—s = p—s 
C C 
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Then, we assign priorities, and determine the 
configuration. If we repeat this process for each chiral 
center, we find the following configurations: 


pu PPE M os 
S S 
PhOH;C—j]3-H PhOH3C —+>H 
HO—S-H H— oH 
H——H H——H 
H—[^-CH;OPh H—][5-CH;OPh 
^N UN 
~Boc H^ ~Boc 
1 2 


(b) These compounds differ in the configuration of only 
one chiral center, so they are diastereomers. That is, they 
are stereoisomers that are not mirror images. 

(c) Fischer projections show the eclipsed conformations 
of neighboring bonds, whereas bond-line structures show 
the staggered conformations of neighboring bonds. 
Visualizing the conversion between Fischer projections 
and bond-line structures therefore involves bond 
rotations. Instead, let's use R/S assignments to compare 
bond-line structures and Fischer projections, without the 
need to rotate bonds. For convenience, we start by 
drawing the bond-line structure using wedges for all ofthe 
chiral centers so that the low-priority hydrogen atoms will 
all be in the back (on dashes). Then, we can assign each 
configuration and determine which chiral centers were 
drawn correctly (and which need to be changed). In this 
case, if we use this method and assign configurations, we 
find that the R/S assignments all match that of compound 
2. So this is compound 2. 


PhO 
l 
Boc R RUNS 
oN Boc 
H OH 
OPh 


Compound 2 


We can easily draw compound 1 from compound 2, 
because these two compounds differ in the configuration 
of only one chiral center. Changing the wedge (on the OH 
group) to a dash will necessarily change the configuration 
from R to S. 


Compound 1 


528. 
(a) On the left side of the structure, the two groups are 
different (methyl and H), but the two groups on the right 
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side are the same (both are methyl groups). In order to be 
chiral, the two groups on the right would have to be 
different also. This compound has a plane of symmetry 
and, therefore, is not chiral. 


aw Hg 
CH; 


(b) The two groups on the left are different (methyl and 
H), and the two groups on the right are also different (ethyl 
and H), so this allene has no plane of symmetry and is, 
therefore, chiral. 


(c) The two groups on the left are the same (going either 
way around the cyclopentane ring). In order to be chiral, 
the two groups would have to be different. This 
compound has a plane of symmetry and, therefore is not 
chiral. 


(d) The two groups on the left are different (because of 
asymmetry imparted by the position of the double bond in 
the ring), and the two groups on the right are also different, 
so this allene has no plane of symmetry and is, therefore, 
is chiral. 


5.29. 
(a) The priorities (as shown below) are on opposite sides 
of the double bond, so this alkene has the E configuration. 


priority 
C E" 
C beats H 
H H 
E 


î 


priority 
(C beats H) 


(b) The priorities (as shown below) are on the same sides 
of the double bond, so this alkene has the Z configuration. 


priority J> 


(| beats t 


I priority 


: beats ) 


(c) The priorities (as shown below) are on the same sides 
of the double bond, so this alkene has the Z configuration. 


priority 


priority 
(F beats C) iy f (i [6] ED 
H beats C 


O 
J 


(d) The priorities (as shown below) are on the same sides 
of the double bond, so this alkene has the Z configuration. 


priority 
(Cl beats C) X 


Cl 


priority 
(C beats H) 


Z H 


5.30. Attached to the top vinylic position, we see nitrogen 
and carbon (highlighted): 


priority 
(N beats C) 
v Ho 
Ry N 
N OMe 
O 
H H CH3 


N has a higher atomic number than C, so the nitrogen 
group has the higher priority. Attached to the bottom 
vinylic position, we see hydrogen and carbon 
(highlighted): 


H CH; <= priority 
(C beats H) 


C has a higher atomic number than H so the methyl group 
has the higher priority. 

Since the higher priority groups are on opposite sides of 
the double bond, the configuration is E: 


H (0) 
Ry N 
N OMe 
(0) 
" H CH3 


5.31. This compound has two chiral centers, shown 
below. The following prioritization schemes led to the 
assignment of configuration for each chiral center. 


Prioritization scheme Prioritization scheme 
1 4 1 4 
OH O H 
C x Cc C N C 
wN Pe ^^ 
C C "C C 
3 2 3 2 
N| «€—Tie breaker —== | O O O 
H Cc C -«— lie breaker —* O 
H H 


H [9] 
CL 9 Ge" O 
N Z "n a, 
Y me 
F 


5.32. In this case, it will be easiest to draw a mirror image. 
The mirror can be placed behind the molecule, giving the 
structure on the left, or the mirror can be placed next to the 
molecule, giving the structure on the right. Both drawings 
represent the enantiomer of atropine (can you see that they 
are superimposable?): 


n€ 
A ] 
H 
[9] 


5.33. 

(a) In order to draw the enantiomer of paclitaxel, we 
convert every wedge into a dash, and we convert every 
dash into a wedge, as shown: 


Y UH 
(0) N (0) 
OY 


Fd 
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(b) Paclitaxel has eleven chiral centers (highlighted 
below): 


5.34. To assign the configuration, we must first assign a 
prioritization scheme to the four atoms connected to the 


chiral center: 
4 
pt 
C 
ZN 


C 
a 

One of these atoms is H, so that atom is immediately 
assigned the fourth priority. The remaining three atoms 
are all carbon atoms, so for each of them, we prepare a list 
ofthe atoms attached to them. Let’s begin with the double 
bond. Recall that a double bond is comprised of one o 
bond and one m bond. For purposes of assigning 
configurations, we treat the m bond as if it were a o bond 
to another carbon atom, like this: 


H H c 
(c (Gf C 
End 2m is treated as 4 EOM 


We treat a triple bond similarly. Recall that triple bonds 
are comprised of one o bond and two x bonds. As such, 
each of the two x bonds is treated as if it were a o bond to 
another carbon atom: 


OOO 


C 
SC is treated as ES Noe 
N H C 


This gives the following competition: 


N 


AEN 


Cn 
INNS 
[e C [e 
[e C [e 
Cc C <— Tie —> H 


breaker 
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Among these groups, the double bond is assigned the third 
priority in our prioritization scheme, and we must 
continue to assign the first and second priorities. 


4 8 
Es 
acy Q 

laa 


We move one carbon atom away from the chiral center, 
and we compare the following two positions: 


In each case, we must construct a list of the three atoms 
that are connected to each position. This is easy to do for 
the left side, which is connected to two carbon atoms and 
one hydrogen atom: 


CH3 
[o HI 
3 po 
H H3C y 


For the right side, the highlighted carbon atom is part of a 
triple bond, so we treat each x bond as if it were a sigma 
bond to another carbon atom: 


A. 
SCH 


OOO 


C 
is treated as Ad 
7 N 
3 C C 


As such, the right side wins the tie-breaker: 


H 
[Db 
C 2 
A 
Ne 
TS 
C C 
C C 
H..-«—— Tie breaker ——3»- C 


Our prioritization scheme indicates that the chiral center 
has the R configuration: 


5.35. The chiral center has the S configuration, 
determined by the prioritization scheme shown here. 


Gy 


1 t PA 
3) 2 
(S) 


Note that the lowest priority group (the lone pair) is in the 
plane of the page, rather than on a dash, so your point of 
view must be adjusted before assigning the configuration 
(e.g., by rotating the molecule or switching groups). 


5.36. 

(a) If we rotate the first structure 180 degrees about a 
horizontal axis, the second structure is generated. As 
such, these two structures represent the same compound. 

(b) These compounds have the same molecular formula, 
but they differ in their constitution. The bromine atom is 
connected to C3 in the first compound (3-bromopentane), 
and to C2 in the second compound (2-bromopentane). 
Therefore, these compounds are constitutional isomers. 


(c) These compounds are stereoisomers, but they are not 
mirror images of each other. Therefore, they are 
diastereomers. 

(d) If we assign a name to each structure, we find that 
both have the same name: 


(S)-3-methylhexane 


Therefore, these structures represent the same compound. 
(e) These compounds are nonsuperimposable mirror 
images of each other. Therefore, they are enantiomers. 
(f) These structures represent the same compound 
(rotating the first compound 180 degrees about a vertical 
axis generates the second compound). 

(g) These structures represent the same compound, which 
does not contain a chiral center, because there are two 
ethyl groups connected to the central carbon atom. 

(h) These structures represent the same compound 
(rotating the first compound 180 degrees about a vertical 
axis generates the second compound). This is a meso 
compound, so it does not have an enantiomer (it is 
superimposable on its mirror image). 


5.37. 
(a) There are three chiral centers (n=3), highlighted 
below, so we expect 2" = 2? = 8 stereoisomers. 


OH Cl 


OH 


(b) There are two chiral centers (n=2), so we might 
initially expect 2" = 2? = 4 stereoisomers. However, one 
of the stereoisomers is a meso compound, so there will 
only be 3 stereoisomers: 


HO HO, HO 
| OH / OH | OH 


meso 


To see the plane of symmetry in the meso isomer, rotate 
about the middle C-C bond. A 180? rotation results in an 
eclipsed conformation with both methyl groups aligned 
and both OH groups aligned. 


(c) There are four chiral centers (n=4), highlighted below, 
so we expect 2? = 24= 16 stereoisomers. 


Me 
is b 
CI 
(d) There are two chiral centers (n-2), so we might 
initially expect 2" = 2? = 4 stereoisomers. However, one 


of the stereoisomers is a meso compound, so there will 
only be 3 stereoisomers: 


wo 
“My 


(e) There are two chiral centers (n=2), so we might 
initially expect 2" = 2? = 4 stereoisomers. However, one 
of the stereoisomers is a meso compound, so there will 
only be 3 stereoisomers: 


meso 


OH 


meso 


(f) There are five chiral centers (n=5), highlighted below, 
so we expect 2" = 2° = 32 stereoisomers. 


5.38. In each case, we draw the enantiomer by replacing 
all wedges with dashes, and all dashes with wedges. For 
Fischer projections, we simply change the configuration 
at every chiral center by switching the groups on the left 
with the groups on the right: 


(a) (b) E 
(c) (d) 
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Cl Cl OH O 


(e) 
OH OH 


5.39. The configuration of each chiral center is shown 


below: 
(a) (b) 

O Et OH NH3 
A Due AD 
(c) 

Cl 
ys 
(d) (e) 
Lo 
$ 
Ber "liz 


(f) 
Me 
H—$ OH Cly,,8 : OS 
HO—fÉ-H iod : 
Me i 


5.40. In this case, there is a 96% excess of A (98 - 2 = 
96). The remainder of the solution is a racemic mixture 
of both enantiomers (2% A and 2% B). Therefore, the 
enantiomeric excess (ee) is 9696. 


5.41. This compound does not have a chiral center, 
because two ofthe groups are identical: 


OH 
HO 


i 


Accordingly, the compound is achiral and is not optically 
active. We thus predict a specific rotation of zero, [a] = 
0. 


5.42. The specific rotation of (S)-2-butanol is +13.5, so 
its enantiomer has a specific rotation of —13.5. Dissolving 
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1.00 g of sample in 10.0 mL of solvent gives a 
concentration (c) of 0.100 g/mL: 


a 
[a] = ANT and therefore, a = [a] xc xl 


= (-13.5)(0.100 g/mL)(1.00 dm) = —1.35? 


5.43. We begin by determining the specific rotation ofthe 
mixture, using the following equation: 


E Qa 
[a] of mixture = — 
cxl 


The concentration (c) is calculated by dividing 3.50 g by 
10.0 mL, giving 0.350 g/mL. 


(+0.78°) 
(0.350 g/mL) x (1.00 dm) 


[a] = 


[a] = 422 


Once we have the specific rotation of the mixture, we can 
calculate the % enantiomeric excess using the following 
equation: 


[o] of mixture 


% ee = —————— x 100% 
[o] of pure enantiomer 
2:2 
— ST x 0 
os. X 100% 
= 79% 
5.44, 


(a) One of the chiral centers has a different configuration 
in each compound, while the other chiral center has the 
same configuration in each compound. As such, these 
compounds are stereoisomers, but they are not mirror 
images of each other. They are diastereomers. 

(b) Each of the chiral centers has a different configuration 
when comparing these compounds. As such, these 
compounds are nonsuperimposable mirror images. They 
are enantiomers. 

(c) These structures represent the same compound 
(rotating the first compound 180 degrees about a 
horizontal axis generates the second compound). This is 
a meso compound, so it does not have an enantiomer (it is 
superimposable on its mirror image). 

(d) These compounds are nonsuperimposable mirror 
images. Therefore, they are enantiomers. 


5.45. 

(a) One of the chiral centers has a different configuration 
in each compound, while the other chiral center has the 
same configuration in each compound. As such, these 
compounds are stereoisomers, but they are not mirror 
images of each other. They are diastereomers. 

(b) Each of the chiral centers has a different configuration 
when comparing these compounds. As such, these 


compounds are nonsuperimposable mirror images. They 
are enantiomers. 

(c) Each of the chiral centers has a different configuration 
when comparing these compounds. As such, these 
compounds are nonsuperimposable mirror images. They 
are enantiomers. 

(d) One compound has cis methyl groups, and the other 
compound has trans methyl groups. As such, these 
compounds are stereoisomers that are not mirror images 
of each other. Therefore, they are diastereomers. 


5.46. 

(a) True. Each enantiomer has a specific rotation that is 
equal in magnitude, but opposite in direction (one is 
levorotatory and the other is dextrorotatory). As a result, 
the rotations exactly cancel each other (a = 0?). 

(b) False. A meso compound cannot have an enantiomer 
because it has a plane of symmetry and is therefore 
achiral. Its mirror image IS superimposable. 

(c) True. In a Fischer projection, all horizontal lines 
represent wedges, and all vertical lines represent dashes. 
If we rotate the structure by 90 degrees, we are changing 
all wedges into dashes and all dashes into wedges. 
Therefore, the new structure will be an enantiomer of the 
original structure. 


A D 
beie CHA 
C B 
enantiomers 


Be careful though — you can only rotate a Fischer 
projection by 90 degrees (to draw the enantiomer) if there 
is one chiral center. If there is more than one chiral center, 
then you cannot rotate the Fischer projection by 90 
degrees in order to draw its enantiomer. Instead, you must 
change the configuration at every chiral center by 
switching the groups on the left with the groups on the 
right. 


5.47. For each chiral center, we first redraw the chiral 
center so that there are two lines, one wedge and one dash: 


A A 
os = pss B 
[e C 


Then, we assign priorities, and determine the 
configuration. At each chiral center, note that the lowest 
priority group (H) is not on a dash, so your point of view 
must be adjusted before assigning the configuration (e.g., 
by switching groups). This process gives the following 
configurations: 


(a) (b) 

Ox LOH Ox OH 

H—-—OH R HO—t—-H S 

HO——H S HO-l—H S 

H—l—OH R HO-l—H S 
CHOH CHOH 


H OH R 
HO——H S 
CHOH 


5.48. In order to draw the enantiomer for each compound, 
we simply change the configuration at every chiral center 
by switching the groups on the left with the groups on the 
right. Note that this process results in a drawing that is 
the mirror image of the original drawing. 


(a) (b) 
O OH Ox. ,OH 
HO H S H OH R 
H OH R OH R 
HO H S H OH R 
CH,OH CHOH 
(c) 
Os LOH 
H OH R 
HO H S 
H OH R 
CHOH 


5.49. Dissolving 0.075 g of penicillamine in 10.0 mL of 
solvent gives a concentration (c) of 0.0075 g/mL: 


r i a 
specific rotation = [a] = p 
[a] = (70.47?) 
(0.0075 g / mL) x (1.00 dm) 
[a] = -63 
5.50. 


(a) This compound is (S)-limonene, as determined by the 
following prioritization scheme: 


-OX 


You might also recognize that this drawing is the mirror 
image of the given drawing of (R)-limonene, so it must 
represent the enantiomer of (R)-limonene. 
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(b) This compound is (R)-limonene, as determined by the 
following prioritization scheme: 


2 
= ` 
n 


4 3 


You might also recognize that this drawing is 
superimposable with the given drawing of (R)-limonene 
(rotating the given drawing 180 degrees about a horizontal 
axis generates this drawing). 


(c) This compound is (S)-limonene, as determined by the 
following prioritization scheme: 


(d) This compound is (R)-limonene, as determined by the 
following prioritization scheme: 


You might also recognize that this drawing is 
superimposable with the given drawing of (R)-limonene 
(rotating the given drawing 180 degrees about a vertical 
axis generates this drawing). 


5.5]. 

(a) We must first rotate 180 degrees about the central 
carbon-carbon bond, in order to see more clearly that the 
compound possesses a plane of symmetry, shown below: 


Rotate 180^ 


about the central 
) - pr C-C bond b: d 
A ————————- 
% HO OH 


HO 


(b) We must first rotate 180 degrees about the central 
carbon-carbon bond, in order to see more clearly that the 
compound possesses a plane of symmetry, shown below: 


Rotate 180° 
about the central 


HC, Br , C-C bond HsC CHs 
H CH3 H |JH 
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(c) We first convert the Newman projection into a bond- 
line drawing: 
back 
carbon 


Cl 
H CH3 Cl \ 
observer 


ÁN Cl 
Cl 


front 
carbon 


Then, we rotate 180 degrees about the central carbon- 
carbon bond, in order to see more clearly that the 
compound possesses a plane of symmetry, shown below: 


Rotate 180° 
about the central 
C-C bond Cl Cl 


Alternatively, we can identify the plane of symmetry 
without converting the Newman projection into a bond- 
line drawing. Instead, we rotate the central carbon-carbon 
bond of the Newman projection 180°, and we see that the 
two chlorine atoms are eclipsing each other, the two 
methyl groups are eclipsing each other, and the two H’s 
are eclipsing each other. 


Cl H 
H CH3 H CH3 
—— y CH3 
H3C H 
Cl Cl cl 


In this eclipsed conformation, we can see more clearly that 
the molecule has an internal plane of symmetry (it is a 
meso compound). The plane of symmetry is the plane that 
is parallel to the page, halfway between the front carbon 
atom and the back carbon atom of the Newman projection. 


5.52. As seen in Section 4.9, cyclobutane adopts a slightly 


puckered conformation.  cis-1,3-Dimethyl-cyclobutane 
has two planes of symmetry, shown here: 


H 


H3C H CH3 


H3C CH3 


5.53. 

(a) One of the chiral centers has a different configuration 
in each compound, while the other chiral center has the 
same configuration in each compound. As such, these 
compounds are stereoisomers, but they are not mirror 
images of each other. They are diastereomers. 


(b) These compounds have the same molecular formula 
(CsHı6), but they differ in their constitution. The first 
compound is 1,2-disubstituted, while the second 
compound is 1,3-disubstituted. Therefore, they are 
constitutional isomers. 


(c) Let’s redraw the compounds in a way that shows the 
configuration of each chiral center without showing the 
conformation (chair). This will make it easier for us to 
determine the stereoisomeric relationship between the two 
compounds: 


When drawn in this way, we can see clearly that one of 
the chiral centers has a different configuration in each 
compound, while the other chiral center has the same 
configuration in each compound. As such, these 
compounds are stereoisomers, but they are not mirror 
images of each other. They are diastereomers. 


(d) Let’s redraw the compounds in a way that shows the 
configuration of each chiral center without showing the 
conformation (chair). This will make it easier for us to 
determine the stereoisomeric relationship between the two 
compounds: 


When drawn in this way, we can see clearly that one of 
the chiral centers has a different configuration in each 
compound, while the other chiral center has the same 
configuration in each compound. As such, these 
compounds are stereoisomers, but they are not mirror 
images of each other. They are diastereomers. 


(e) It might appear as if each of the chiral centers has a 
different configuration when comparing these 
compounds. However, each of these compounds has an 
internal plane of symmetry (horizontal plane). As such, 
both structures represent the same meso compound. 
These two structures are the same (rotating the first 
drawing 180 degrees about a vertical axis generates the 
second drawing). 


(f) Each of the chiral centers has a different configuration 
when comparing these compounds. As such, these 
compounds are nonsuperimposable mirror images. They 
are enantiomers. 


5.54. 

(a) The specific rotation of (R)-carvone should be the 
same magnitude but opposite sign as the specific rotation 
of (S)-carvone (assuming both are measured under the 
same conditions). Therefore, we expect the specific 
rotation of (R)-carvone at 20°C to be —61. 


(b) The specific rotation of pure (R)-carvone is —61, while 
the specific rotation of this mixture of (R)-carvone and its 
enantiomer is —55. We use the following equation to 
calculate the enantiomeric excess: 


a] of mixture 
%ee = la 


x 100% 


[o] of pure enantiomer 


= 039 x 10% 
—61 


90 % 


(c) Since the ee is 90%, the mixture must be comprised of 
95% (R)-carvone and 5% (S)-carvone (95 — 5 = 90). 


5.55. 
(a) This compound has a non-superimposable mirror 
image, and therefore it is chiral. 


Enantiomers 


(b) This compound has a non-superimposable mirror 
image, and therefore it is chiral. 


CI Cl 


Enantiomers 


(c) This compound lacks a chiral center and is therefore 
achiral. Notice that the carbon atom bearing a wedge and 
a dash is not a chiral center because that position is 
connected to two methyl groups. 


(d) This compound has a non-superimposable mirror 
image, and therefore it is chiral. 


OH OH 


d 


OH OH 


d 


Enantiomers 
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(e) This compound is a meso compound, which we can see 
more clearly if we rotate the central carbon-carbon bond 
by 180 degrees, shown below. Since the compound has a 
plane of symmetry, it must be achiral. This compound has 
a superimposable mirror image. 


Rotate 180^ 
about the central HO OH 


b : / C-C bond rr 
—————— 
OH 


(f) This compound has chiral centers and an internal plane 
of symmetry and is therefore a meso compound. Since the 
compound has a plane of symmetry, it is achiral. This 
compound has a superimposable mirror image. 


(g) This compound has an internal plane of symmetry 
(chopping the OH group in half and chopping the methyl 
group in half). As such, it must be achiral. This 
compound has a superimposable mirror image. 


(h) This compound has a non-superimposable mirror 
image, and therefore it is chiral. 


Enantiomers 


(i) This compound has a non-superimposable mirror 
image, and therefore it is chiral. 


OH OH 
A Qu 
2 
V J 
y 
Enantiomers 


(j) This compound has no chiral centers and is therefore 
achiral. This compound has a superimposable mirror 
image. 

OH OH 


Am og 


(k) This compound has chiral centers and an internal plane 
of symmetry and is therefore a meso compound. As such, 
it must be achiral. This compound has a superimposable 
mirror image. 


(1) This compound has chiral centers and an internal plane 
of symmetry (shown below), and is therefore a meso 
compound. Since the compound has a plane of symmetry, 
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it is achiral. This compound has a superimposable mirror 
image. 


5.56. The concentration (c) is calculated by dividing 
0.100 g by 10.0 mL, giving 0.0100 g/mL, which is then 
plugged into the following equation: 


a = [a] xcxl 


a =(+24)(0.0100 g/mL)(1.00 dm) = +0.24° 


5.57. The correct answer is (a). The configuration of a 
chiral center does not depend on temperature, so (d) is not 
the correct answer. The answer also cannot be (c), 
because the term Z is used to designate the configuration 
of an alkene (this term is not used for chiral centers). In 
order to determine whether the configuration is R or S, we 
must assign priorities to each of the four groups connected 
to the chiral center. The hydrogen atom certainly receives 
the fourth priority, and the methyl group receives the third 
priority: 


In order to determine which of the two highlighted carbon 
atoms receives the highest priority, we must construct a 
list of the three atoms connected to each of those 
positions, and we look for the first point of difference: 


H, CH 


To M 
SM 


Sn 
ON 
H N 
H N 


Since O has a higher atomic number than N, the priorities 
are as follows: 


Since the fourth priority (H) is on a wedge (rather than a 
dash), these priorities correspond with an R configuration, 
so the correct answer is (a). 


5.58. The correct answer is (b). 

These compounds have the same connectivity — they 
differ only in the spatial arrangement of atoms. Therefore, 
they must be stereoisomers, so the answer is not (c) or (d). 
To determine whether these compounds are enantiomers 
or diastereomers, we must decide whether the compounds 
are mirror images or not. These compounds are NOT 
mirror images of each other, so they cannot be 
enantiomers. Since they are stereoisomers but not 
enantiomers, they must be diastereomers. 

Note that there are three chiral centers (highlighted below) 
in each of these compounds. These compounds differ 
from each other only in the configuration of one of these 
chiral centers, thereby justifying their designation as 
diastereomers: 


OH H 


5.59. The correct answer is (d). Compound (a) has a plane 
of symmetry and is therefore a meso compound. This 
compound is achiral and will be optically inactive: 


COOH 
H OH 

HO H 
H—|—0H 

COOH 


Compound (b) is also a meso compound (as shown below) 
and is therefore optically inactive. 


ae in ac 
SAN 


meso 


Compound (c) is also a meso compound, as shown below, 
so it is also achiral and optically inactive: 


CH3 Rotate H 
Br front carbon atom 
» 


CH3 HsCC Ha 
meso 
By process of elimination, the correct answer must be (d). 


Indeed, this compound is chiral (no plane of symmetry) 
and therefore optically active: 


H H 
H ] CH; ,ACHs 
CC NL 
qux 
H : CH3 di 
j j Chiral 


5.60. The correct answer is (b). Only compound II is a 
meso compound. A meso compound is a molecule that 
has chiral centers but also has reflectional symmetry 
(making it achiral). At first glance, it might be tempting 
to suggest that compound I is a meso compound, because 
both OH groups are on wedges. But close inspection 
reveals that the compound does not have a plane of 
symmetry: 


OH HO HO 4 CH3 
Av = YK = Hn l 
= = my 
OH H3C OH 
OH 
NOT NOT 
a plane of a plane of 
symmetry symmetry 


This is perhaps more apparent if we rotate the central C—C 
bond, and then we can clearly see that the groups are not 
reflecting each other. 


HO HO, 4 OH 
a — PK 
OH 


NOT 
a plane of symmetry 


Compound I is not a meso compound because it lacks 
reflectional symmetry (it is chiral). 

Only compound II is a meso compound, because it has 
chiral centers AND it has a plane of symmetry: 


chiral center chiral center 


SPS 
i 


internal plane 
of symmetry 


Compound II is simply an achiral molecule with no chiral 
centers. 
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HO OH 
OH 


internal plane of 
symmetry, but 
NO chiral centers 


5.61. Choices (a) and (b) are superimposable with 
compound A; in other words, they are identical to 
compound A. Choice (d) is a diastereomer of compound 
A. The correct answer is (c). Compound A is (2R,3R)-2- 
bromo-3-chloropentane, and choice (c) is its enantiomer, 
(25,3S)-2-bromo-3-chloropentane. When viewed from 
the correct perspective, the mirror image relationship of 
the two enantiomers can be observed. 


enantiomer of A (25,3S) 


mirror f-— — ——N 
plane 


Cl 
A (2R,3R) 


5.62. The correct answer is (a). If the given compound 
is converted to a bond-line drawing, we can clearly see 
that the molecule has an internal plane of symmetry (it is 
a meso compound). Therefore, the compound is achiral 
and does not have an enantiomer (it is superimposable 
with its mirror image). 


Me Me 
ra = Ie Plane of 
symmetry 

Me M^ Me 


5.63. The correct answer is (c). Prioritization begins by 
comparing the atoms attached to the chiral center (O, C, 
and S, highlighted below): 


o 
Y 
$—0-CH3CH;CH;CH. . SC CH, — SSH 
l T il 


Sulfur has the highest atomic number, so it is assigned 
priority 1. Oxygen has the second highest atomic number, 
so it is assigned priority 2. Carbon is assigned priority 3. 
When arranged from lowest to highest priority, the answer 
is: 

H< I < M 
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5.64. 

(a) If we rotate the central carbon-carbon bond of the 
Newman projection 180?, we arrive at a conformation in 
which the two OH groups are eclipsing each other, the two 
methyl groups are eclipsing each other, and the two H's 
are eclipsing each other: 


OH H 
H CH; H CH3 


H4C H 
OH HO OH 


In this eclipsed conformation, we can see more clearly that 
the molecule has an internal plane of symmetry in the 
plane of the page, in between the front carbon atom and 
the back carbon atom of the Newman projection (this 
compound is a meso compound). Therefore, the 
compound is achiral and optically inactive. 


(b) We first convert the Newman projection into a bond- 
line drawing: 


back 
carbon 


H4C c 


à 
| 


observer 


H CH3 


When drawn in bond-line format, we can see that the 
compound has two chiral centers (highlighted): 


Cl 


H3C H 
This compound is chiral and therefore optically active. 


(c) This compound has chiral centers and lacks a plane of 
symmetry. This compound has a non-superimposable 
mirror image, so it is chiral. Therefore, it is optically 
active. 

CH3 CH3 


Enantiomers 


(d) Let’s redraw the compound in a way that shows the 
configuration of each chiral center without showing the 
chair conformation. This will make it easier for us to 
evaluate: 


- 


This compound has an internal plane of symmetry, so it is 
a meso compound. As such, it is achiral and optically 
inactive. 


(e) This compound has chiral centers and lacks a plane of 
symmetry. This compound has a non-superimposable 
mirror image, so it is chiral. Therefore, it is optically 
active. 


[9] H [9] H 
HO H H OH 
H OH HO H 

CH5OH CH2OH 


J 
* yY 


Enantiomers 


(f) We first convert the Newman projection into a bond- 
line drawing: 
back 
carbon 


H H à il 


— > 
H“ 
observer Hse \ CH3 


front 
carbon 


This compound is 3-methylpentane, which does not have 
a chiral center (and does have a plane of symmetry). 
Therefore, it is optically inactive. 


not a chiral center 
H3C C Hs 
(g) This compound has chiral centers, but it has an internal 
plane of symmetry (a vertical plane that chops one of the 


methyl groups in half), so itis a meso compound. As such, 
it is achiral and optically inactive. 


(h) This compound has an internal plane of symmetry, as 
shown below. As such, it is achiral and optically inactive. 


N nnn 


5.65. In each case, begin by numbering the carbon atoms 
in the Fischer projection (from top to bottom) and then 
draw the skeleton of a bond-line drawing with the same 
number of carbon atoms (note that this numbering system 
does not need to follow IUPAC rules). Then, place the 
substituents in their correct locations (by comparing the 
numbering system in the Fischer projection with the 
numbering system in the bond-line drawing). When 
drawing each substituent in the bond-line drawing, you 
must decide whether it is on a dash or a wedge. For each 
chiral center, make sure that the configuration is the same 
as the configuration in the Fischer projection. If 
necessary, assign the configuration of each chiral center 
in both the Fischer projection and the bond-line drawing 
to ensure that you drew the configuration correctly. With 
enough practice, you may begin to notice some trends 
(rules of thumb) that will allow you to draw the 
configurations more quickly. 


(a) 
1 
CH3 
H—-OH OH OH 
3 —_ H H 
HOTTER = Bea 
H—4-OH EL AC. 
5 OH 
CH; 
(b) 
3 
OH OH OH 
m NENN 
OH T UR 
OH 
(c) 
OH OH 
OH = 
1 3 5 
2 4 6 
OH 
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(d) 
1 CH3 
B cl OH 
H Ch. « i, 
HO—H—H 0 E 
1 
4CH3 i 
(e) 
1 CH3 
B cl OH 
cl » 
HO 3 P 2 3 
1 
a CH T 
5.66. 


(a) The compound in part (a) of the previous problem has 
an internal plane of symmetry, and is therefore a meso 


compound: 


28 
) 


(b) No, the structures shown in parts (b) and (c) of the 
previous problem are enantiomers. An equal mixture of 
these two compounds is a racemic mixture, which will be 
optically inactive. 


(c) Yes, this mixture is expected to be optically active, 
because the structures shown in parts (d) and (e) of the 
previous problem are not enantiomers. They are 
diastereomers, which are not expected to exhibit equal and 
opposite rotations. 


5.67. As we saw in problem 5.65, it is helpful to use a 
numbering system when converting one type of drawing 
into another. When drawing each substituent in the 
Fischer projection, you must decide whether it is on the 
right or left side of the Fischer projection. For each chiral 
center, make sure that the configuration is the same as the 
configuration in the bond-line drawing. If necessary, 
assign the configuration of each chiral center in both the 
Fischer projection and the bond-line drawing to ensure 
that you drew the configuration correctly. With enough 
practice, you may begin to notice some trends (rules of 
thumb) that will allow you to draw the configurations 
more quickly. 


(a) 
O 
OH © ; OH 
HO E 
í 3 £1^oH = HO f H 
OH H OH 
4 CHOH 


166 CHAPTER 5 


(b) 

ENT 

OH © 1 

z 2 
HO—L—H 

Ho ENT ^£1!^0H .. 3 
i =  HO-À—H 

OH OH 1 
H OH 
(28, 38, 4R) schon 

(c) 

Ox 0H 

OH O wc 

2 
HO—L—H 

HO 5N *^£!^oH .. 3 
see "uH OH 

OH OH : 
HO—}—H 

(28, 3R, 4S) 

5CH2O0H 


5.68. As shown below, there are only two stereoisomers 
(the cis isomer and the trans isomer). 


ww 
SH 


cis 


E 


wv 


trans 


While a structure with two chiral centers would be 
expected to have four possible stereoisomers, each of 
these compounds has no chiral centers and a plane of 
symmetry (and each, therefore, is superimposable on its 
mirror image). 


5.69. With three chiral centers, we would expect a 
maximum of eight stereoisomers (2? — 8), labeled 1-8. 
However, structures 1 and 2 represent one compound (an 
achiral meso compound), while structures 3 and 4 also 
represent one compound (an achiral meso compound). In 
addition, structure 5 is the same as structure 7, while 
structure 6 is the same as structure 8 (for each pair, 
rotating one compound 180 degrees about a vertical axis 
generates the other compound). Structures 5-8 are chiral 
and are thus not meso structures. The reason for the 
equivalence of structures 5 and 7 (and also for the 
equivalence of 6 and 8) is that the central carbon atom in 
each of these four structures is actually not a chiral center. 
For structures 5-8, changing the "configuration" at the 
central carbon atom does not produce a stereoisomer, 
which proves that the central carbon atom is not a chiral 
center in these cases. 

In summary, there are only four stereoisomers (structures 
1/2, 3/4, 5/7, and 6/8). 


OH OH 
HO OH - 


5.70. 

(a) The second compound is 2-methylpentane. If we 
redraw the first compound as a bond-line drawing, rather 
than a Newman projection, we see that the first compound 
is 3-methylpentane. 


1 


H H 


H 4 CH3 1 3 5 
5 CH3 d 


observer 


These two compounds, 2-methylpentane and 3- 
methylpentane, have the same molecular formula (CcHi4) 
but different constitution, so they are constitutional 
isomers. 


(b) The first 
cyclohexane: 


compound is ¢rans-1,2-dimethyl- 


T" 


1 


pests 


2 


trans 


In contrast, the second compound is cis-1,2-dimethyl- 
cyclohexane. These compounds are stereoisomers, but 
they are not mirror images of each other. Therefore, they 
are diastereomers. 


5.71. This compound lacks a chiral center but is 
nevertheless chiral because of the relative orientations of 
the two methyl groups (just like chiral allenes). As an 


achiral compound, this compound is not superimposable 
on its mirror image, shown below. 


CH3 
non = 
H 


5.72. This compound has a center of inversion, which is 
a form of reflection symmetry. As a result, this compound 
is achiral (it is superimposable on its mirror image) and is 
therefore optically inactive. 


5.73. The compound contains three chiral centers, with 
the following assignments: 


(0) 
H 


Oo O-N 
R E EUM 
O-O 


Note that in all three cases the lowest priority group (4) is 
not on a dash, so your point of view must be adjusted 
before assigning the configuration (e.g., by switching 
groups). 

With three chiral centers, a total of 2? — 8 stereoisomers 
are possible, shown below. Pairs of enantiomers are 
highlighted together. ^ All other relationships are 


diastereomeric. 
0. 
O~ N 
NM 
os N 
\ al 


enantiomers 


O 
H 
o O-N op O~yN 
—0 o—O 


enantiomers 


FES 


enantiomers 
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5.74. 

(a) The following are the prioritization schemes that give 
rise to the correct assignment of configuration for each 
chiral center. 


(b) The total number of possible stereoisomers is 2” 
(where n = the number of chiral centers). With three chiral 
centers, we expect 2? = 8 possible stereoisomers, one of 
which is the natural product coibacin B. 


5.75. There are two different C=C m bonds in this 
compound. For clarity, some of the hydrogen atoms have 
been drawn explicitly in the drawing below. The C=C n 
bond on the left is not stereoisomeric, because there are 
two hydrogen atoms (highlighted) attached to the same 
position. 


/ 


The C=C n bond on the right is stereoisomeric. The two 
high-priority carboxylic acid groups are on opposite sides 
of the x bond, giving the E configuration. 


L 


This compound has one stereoisomer, in which the 
carboxylic acid groups are on the same side of the x bond 
(the Z configuration), shown below: 


i9) OH 
OH 


ENS 
le) 
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5.76. When you draw out the condensed group at the top, you will find that, as an ester, it contains no chiral center. 
There are only two carbon atoms, marked with asterisks below, that each bear four different groups (and are therefore 
chiral centers). To draw the four possible stereoisomers, draw the various combinations of dashed and wedged bonds at 
these two chiral centers. Since there are two chiral centers, there will be 2”, or 4, stereoisomers. 


CH;,OCOCHs CH;,OCOCHs 


x p OH © OH © 
ae OH 


two chiral centers 


5.77. The enantiomer of a chiral molecule is its mirror image. The mirror can be placed anywhere, so there are multiple 
ways of correctly representing the enantiomer depending on where you place the mirror. In this case, the stereochemistry 
of the bicyclic part of the compound is implied by the drawing, so the mirror is most easily placed on the side of the 
molecule. Notice that the wedge remains a wedge because a mirror placed on the side reverses left and right sides only; 
it does not exchange front and back. 


Enantiomer of 1 


5.78. 
(a) The product has one chiral center, which can either have the S configuration or the R configuration, as shown here. 


(S)-product (R)-product 
(major product when using Cul catalyst) (major product when using Cul! catalyst) 


To assign the configuration of each compound, the priorities of the three attached carbon groups are shown above: priority 
group 1 (N,H,H), priority group 2 (C,C,C) and priority group 3 (C,C,H), with H as priority group 4. 


(b) The percent composition of S and R are calculated using the following equation: 
% ee = (% major enantiomer - % minor enantiomer) 


The problem statement indicates that the S enantiomer is the excess enantiomer, so the higher percentage is associated 
with S, as shown in the table below: 
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Solvent 


toluene 


tetrahydrofuran 


CH3CN 


CHCl; 


CH2Cl2 


hexane 


% ee % S % R 
24 62 38 
48 74 26 
12 86 14 
30 65 35 
46 73 27 
51 75.5 | 24.5 


Acetonitrile (CH3CN) is the best choice of solvent because it results in the highest combination of ee (72%) and percent 
yield (55%). While toluene gives the same percent yield (55%), the ee in this solvent is significantly lower (only 24%). 


5.79. There is one chiral center, which was incorrectly 
assigned. So, it must have the R configuration, rather than 
the S configuration (as originally thought). To draw the 
enantiomer, we replace the dash with a wedge, and we 
replace the wedge with a dash, as shown: 


OMe 


Correct structure of (+}trigonoliimine A 
(enantiomer of the structure reported in 2010). 


5.80. 

(a) To draw the enantiomer, we simply redraw the 
structure in the problem statement, except that we replace 
all dashes with wedges, and all wedges with dashes, as 
shown: 


ò H 
(2nd major product) 


5.81. 


(b) The following compounds are the minor products, as 
described in the problem statement (cis connectivity at the 
bridgehead carbons). 


O 
ae 
Q H 
C Su 
d H 


(c) The minor products are nonsuperimposable mirror 
images of each other. Therefore, they are enantiomers. 


(d) They are stereoisomers, but they are not mirror images 
of each other. Therefore, they are diastereomers. 


The following are two examples of correct answers, where the molecule is viewed from different perspectives. 


A suggested approach to this problem: 


1 2 


H 3 4 5 
H o 5 
[6] 
va c ya cv o Vies eral T WIRES 
: [9] 


d H 


O 
OH 
OH 


| 
o O OCH; 


H2N 


HO OCH; 
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1) Drawa chair structure of the ring on the right side of the compound. 

2) Now, to find an appropriate place to connect the second ring, find two axial positions on adjacent carbon 
atoms so that they are down and up when going counterclockwise around the ring, as they are in the wedge 
and dash drawing. These are the two bridgehead positions. 

3) Draw the second ring (with connecting bonds equatorial to the first ring). 

4) Replace appropriate methylene groups in the rings with oxygen atoms. 

5) Draw all substituents with those on dashes pointing “down” in the chair form, and those on wedges pointing 


Im » 


up 


5.82. 

(a) The compound exhibits rotational symmetry, because 
it possesses an axis of symmetry (consider rotating the 
molecule 180? about this vertical axis). You might find it 
helpful to construct a molecular model of this compound. 


Axis of rotation 


(b) The compound lacks reflectional symmetry; it does 
not have a plane of symmetry. 

(c) Chirality is not dependent on the presence or absence 
of rotational symmetry. It is only dependent on the 
presence or absence of reflectional symmetry. This 
compound lacks reflectional symmetry and is therefore 
chiral. That is, it has a nonsuperimposable mirror image, 


drawn here: 
d 


5.83. 

(a) In the following Newman projection, the front carbon 
atom is connected to only two groups, and the back carbon 
atom is also connected to only two groups: 


(iPr),SiO Br 


Notice that the two groups connected to the front carbon 
atom are twisted 90° with respect to the two groups 
connected to the back carbon atom. This is because the 
central carbon atom (in between the front carbon atom and 
the back carbon atom) is sp hybridized — it has two p 
orbitals, which are 90° apart from each other. One p 
orbital is being used to form one z bond, while the other p 
orbital is being used to form the other x bond. 


(b) To draw the enantiomer, we could either switch the two groups connected to the front carbon atom, or we could 
switch the two groups connected to the back carbon atom. The former is shown here, in both bond-line format and in a 


Newman projection. 


Q= 
s — OSi(iPr 
-—— à (iPr)s 
/— | [e 
N=N=N 
ES EE [9] 


N 
O 


" OL—O 
" 
/ Xn 
(0) 


(iPr)38i0 
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(c) To draw a diastereomer of the original compound, simply convert the trans configuration of the alkene to a cis 
configuration. We can make the same change on the enantiomer of the original compound (convert from trans to cis) to 
draw another diastereomer. The pair of enantiomers below are both diastereomers of the original compound. 


Nw 
o @ O`N, 
=N=N OR N ps O 
SEN [e 
wr OSi(iPr)3 
Br C=C O 
Z 
o | 
Ms S = (iPr)38i0 Br 
/ 
(6) 
30 
Br o 
OSi(jPr) = ye 
yw OSi(IPr 
Gee ° 
ene o | = (iPr)3SiO 
N=N=N a 
/ Na. @ 


5.84. 
(a) Glucuronolactone 1L is the enantiomer of 1D, which is shown in the problem statement. To draw the enantiomer of 
1D, we simply redraw it, except that we replace all dashes with wedges, and all wedges with dashes, as shown: 


ony 


(e re 


OH 


(b) There are 5 chiral centers, so there are 32 (or 2°) possible stereoisomers. 


(c) 
H H H H H 
Sf in N SN N SN N sed N USE N 
HO OH HO OH | HO OH HO OH HO OH 
HO OH HO OH HO H HO OH HO OH 
H H H H H 
N yA te N zm N wile N N 
HO OH HO Jeu HO en. HO (Jon Ho” (J Yon 
HO “oH HO H HO H HO “H HO = OH 
enantiomers enantiomers enantiomers enantiomers meso compounds (achiral) 


v 


can be prepared from either reactant 


(d) The four products that are accessible from either of the reactants are the four products shown on the right in the 
solution to part c, as indicated above. Recall that the synthetic protocol allows for control of configurations at C2, C3 and 
C5, but not at C4. Therefore, in order for a specific stereoisomer to be accessible from either 1D or from 1L, that 
stereoisomer must display a specific feature. To understand this feature, we must draw one of the ten stereoisomers and 
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then redraw it again after rotating it 180 degrees about a vertical axis. For example, let's do this for one of the meso 
compounds: 


NP. 
H H 
N o Au N NN 
HO OH Rotate 180 HO ( ) OH 
about axis shown STI 
HO OH HO OH 
This configuration This configuration 


can be achieved 


can be achieved 
starting with 1D 


starting with 1L 


Now we look at the configuration of the chiral center in the bottom right corner of each drawing above (highlighted in 


gray). Notice that they have opposite configuration. This is the necessary feature that enables this compound to be 
accessible from either 1D or from 1L. Here is another example: 


NP 
H H 
N NN o N SEN 
ns o Rotate 180 no X si 
about axis shown STA 
HO OH HO OH 
This configuration This configuration 


can be achieved 


can be achieved 
starting with 1D 


starting with 1L 


Once again, this stereoisomer will be accessible from either 1D or from 1L. In contrast, the first six structures (in the 


answer to part c) do not have this feature. For example, consider the first structure: let's draw it, rotate it 180 degrees, 
and then inspect the configuration in the bottom right corner of each drawing: 


H 
n, wi o N 
Te k UID Rotate 180 TS T 
a 
E about axis shown E 
HO OH HO OH 


This configuration 
can be achieved 
starting with 1D 


This configuration 
cannot be achieved 
starting with 1L 


Note that in this case, the configuration in the bottom right corner of each drawing of this structure is the same. Therefore, 
this stereoisomer can ONLY be made from 1D. It cannot be made from 1L. A similar analysis for the first six 
stereoisomers (in the answer to part c) shows that all six of these stereoisomers require a specific enantiomer for the 
starting material. Only the last four stereoisomers can be made from either 1D or from 1L. 


Chapter 6 
Chemical Reactivity and Mechanisms 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 6. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 


Vocabulary. 
° reactions involve a transfer of energy from the system to the surroundings, 
while reactions involve a transfer of energy from the surroundings to the system. 
e Each type of bond has a unique energy, which is the amount of 
energy necessary to accomplish homolytic bond cleavage. 
e Entropy is loosely defined as the of a system. 
e In order for a process to be spontaneous, the change in must be negative. 


The study of relative energy levels (AG) and equilibrium concentrations (Keq) is called 


The study of reaction rates 1s called : 
speed up the rate of a reaction by providing an alternate pathway with a lower 
energy of activation. 


On an energy diagram, each peak represents a while each valley 
represents ; 

A is an electron-rich molecule or ion that is capable of donating a pair of 
electrons. 

An is an electron-deficient molecule or ion that is capable of accepting a 


pair of electrons. 
For ionic reactions, there are four characteristic arrow-pushing patterns: 


1) , 2) ,3) ,and 
4) à 
e  Asaresult of hyperconjugation, carbocations are more stable than secondary 
carbocations, which are more stable than carbocations. 
Review of Skills 


Fill in the empty boxes below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 6. The answers appear in the section entitled SkillBuilder Review. 


SkillBuilder 6.1 Predicting AH? of a Reaction 


Example Calculate Steps 1 and 2 Identify the BDE of each bond broken and formed, | Step 3 Take the sum of steps 
AH for this reaction: and determine the appropriate sign for each value. 1 and 2. 


H cl 
EN + Ch MV * eel vc * HCI +L) = 


Cl yY 
2 + H-Cl +) E) kJ / mol 


panes TUM kJ/mol / * | kJ/mol 
| ee. SES c EPUM " 
kJ / mol kJ / mol kJ / mol kJ / mol 
NS J E. 
i Y (C) 


kJ / mol kJ / mol 
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SkillBuilder 6.2 Identifying Nucleophilic and Electrophilic Centers 


In the boxes provided, identify whether each of the following is a nucleophile or an electrophile: 


SkillBuilder 6.3 Identifying an Arrow-Pushing Pattern 


Identify each of the four types of arrow-pushing patterns: 


E Loo 


SkillBuilder 6.5 Drawing Curved Arrows 
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Step 1 Identify which of the four arrow-pushing patterns to use 


Step 2 Draw the curved arrow, focusing on the proper 


in the following case: 


placement of the tail and head of each curved arrow: 


H 
| 


-Qs 
H^$H 


SkillBuilder 6.6 Predicting Carbocation Rearrangements 


Step1 Circle the 
carbon atoms below 
that are immediately 
adjacent to the C+. 


Step 2 Identify any H or 
CH; group attached 
directly to the carbon 
atoms identified in step 1. 


Step 3 Find any 
groups that can 
migrate to generate 
amore stable C+. 


Step 4 Draw a curved arrow showing the C+ 


rearrangement, and then draw the new carbocation. 


e 


Common Mistakes to Avoid 


In this chapter, we learned many skills that are necessary for drawing reaction mechanisms 
(identifying nucleophilic and electrophilic centers, drawing curved arrows, identifying arrow-pushing 
patterns, etc.). We will use these skills frequently in the upcoming chapters. In particular, it is important to 
become proficient with curved arrows, as they represent the language of reaction mechanisms, and you will 
have to become fluent in that language as we progress through the textbook. There are many common 
mistakes that students make when drawing curved arrows, and most of those mistakes can be avoided if 
you always remember that curved arrows represent the motion of electrons. That is, the tail of every 
curved arrow must identify which electrons are moving, and the head of every curved arrow must show 
where those electrons are going. Let's first focus on the tail. The tail must always be placed on electrons, 
which means that it must be placed either on a lone pair or on a bond. If we examine each of the four 
characteristic arrow-pushing patterns below, we see this clearly: 


Nucleophilic attack Loss of a leaving group 


5| od 


Rearrangement 


H3C 
La hee oO 


Notice that the tail of each curved arrow is placed on a lone pair or on a bond. Similarly, the head of every 
curved arrow must either show the formation of a lone pair or the formation of a bond. Look at all of the 
curved arrows above and convince yourself that this is correct. If you keep this in mind when drawing 
curved arrows, you can avoid many unnecessary errors. 


——— 
MÀ 


Ja 
e 
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Solutions 


6.1. 

(a) Using Table 6.1, we identify the bond dissociation 
energy (BDE) of each bond that is either broken or 
formed. For bonds broken, BDE values are positive 
numbers (energy is required to break bonds). For bonds 
formed, the sign of each BDE value is negative (energy 
is released when bonds are formed). 


Bonds Broken kJ/mol 
H—CH(CH3) +397 
Br—Br +193 
Bonds Formed kJ/mol 
(CH3)2CH—Br —285 
H—Br —368 


The net sum is —63 kJ/mol. 


AHP for this reaction is 


negative, which means that the system is losing energy. 
It is giving off energy to the environment, so the reaction 


is exothermic. 


(b) Using Table 6.1, we identify the bond dissociation 
energy (BDE) of each bond that is either broken or 
formed. For bonds broken, BDE values are positive 
numbers (energy is required to break bonds). For bonds 
formed, the sign of each BDE value is negative (energy 
is released when bonds are formed). 


Bonds Broken kJ/mol 
(CH3)5C—CI +331 
H—OH +498 
Bonds Formed kJ/mol 
(CH3)3C—-OH -381 
H—CI —431 


The net sum is +17 kJ/mol. AH? for this reaction is 
positive, which means that the system is gaining energy. 
It is receiving energy from the environment, so the 
reaction is endothermic. 


(c) Using Table 6.1, we identify the bond dissociation 
energy (BDE) of each bond that is either broken or 
formed. For bonds broken, BDE values are positive 
numbers (energy is required to break bonds). For bonds 
formed, the sign of each BDE value is negative (energy 
is released when bonds are formed). 


Bonds Broken kJ/mol 
(CH3)3C—Br +272 
H—OH +498 
Bonds Formed kJ/mol 
(CH3)3C—-OH -381 
H—Br —368 


The net sum is +21 kJ/mol. AH? for this reaction is 
positive, which means that the system is gaining energy. 
It is receiving energy from the environment, so the 
reaction is endothermic. 


(d) Using Table 6.1, we identify the bond dissociation 
energy (BDE) of each bond that is either broken or 
formed. For bonds broken, BDE values are positive 
numbers (energy is required to break bonds). For bonds 
formed, the sign of each BDE value is negative (energy 
is released when bonds are formed). 


Bonds Broken kJ/mol 
(CH3)3C—I +209 
H— OH +498 
Bonds Formed kJ/mol 
(CH3)3C—-OH —381 
H—I -297 


The net sum is +29 kJ/mol. AH? for this reaction is 
positive, which means that the system is gaining energy. 
It is receiving energy from the environment, so the 
reaction is endothermic. 


6.2. Begin by identifying all of the bonds that are being 
made or broken in the reaction. For simplicity, we will 
focus on the region of the molecule where the change is 
taking place, and we redraw the reaction as follows: 


The highlighted bonds represent the bonds that are 
broken or formed. Notice that the C=C bond is not 
completely broken, but it is converted to a single bond. 
That is, only the x bond is broken, not the o bond. Table 
6.1 lists only c bonds (it does not list the tt component of 
a C=C bond), but we can determine the value of the x 
component, given the value of the entire double bond: 


BDE (o) + BDE (x) = BDE (double) 
356 kJ/mol + BDE (x) = 607 kJ/mol 
BDE (x) = 251 kJ/mol 


We are using the BDE of CH3CH?-CHs as the best 
estimate for the o bond of our double bond because the 
substitution pattern is the same. Notice that the m 
component is not as strong as the o component of the 
C=C bond. Indeed, this is why the x component of the 
C=C bond is broken while the o component remains 
intact. 

The calculation for AH is as follows: 


Bonds Broken kJ/mol 

C=C (just the x component) +251 

H—Br +368 

Bonds Formed kJ/mol 

primary C—Br —285 
(approximated by CH3CH2—Br) 

secondary C—H —397 


(approximated by H—CH(CHs3)2) 


The net sum is —63 kJ/mol. Since AH? is predicted to be 
negative, we can also predict that this reaction will be 
exothermic. 


6.3. 

(a) ASsys is expected to be negative (ASsys < 0, a decrease 
in entropy) because two molecules are converted into 
one molecule. In addition, acyclic compounds are 
converted into a cyclic compound. Both of these features 
are consistent with a decrease in entropy 

(b) ASsys is expected to be negative (ASsys < 0, a decrease 
in entropy) because an acylic compound is converted 
into a cyclic compound. 

(c) ASsys is expected to be positive (ASsys > 0, an 
increase in entropy) because one molecule is converted 
into two molecules. In addition, a cyclic compound is 
converted into two acyclic compounds. Both of these 
features are consistent with an increase in entropy. 

(d) ASsys is expected to be positive (ASsys > 0, an 
increase in entropy) because one molecule is converted 
into two ions. 

(e) ASsys is expected to be negative (ASsys < 0, a decrease 
in entropy) because two chemical entities are converted 
into one. 

(f) ASsys is expected to be positive (an increase in 
entropy) because a cyclic compound is converted into an 
acyclic compound. 


6.4. 

(a) There is a competition between the two terms 
contributing to AG. In this case, the reaction is 
endothermic, which contributes to a positive value for 
AG, but the second term contributes to a negative value 
for AG: 


AG- AH + (-TAS) 


© © 


The sign of AG will therefore depend on the competition 
between these two terms, which is affected by 
temperature. A high temperature will cause the second 
term to dominate, giving rise to a negative value of AG. 
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A low temperature will render the second term 
insignificant, and the first term will dominate, giving rise 
to a positive value of AG. The process is expected to be 
spontaneous above a certain temperature. 


(b) In this case, both terms contribute to a negative value 
for AG, so AG will always be negative (the process will 
be spontaneous at all temperatures). 


(c) In this case, both terms contribute to a positive value 
for AG, so AG will always be positive (the process will 
not be spontaneous at any temperature). 


(d) There is a competition between the two terms 
contributing to AG. In this case, the reaction is 
exothermic, which contributes to a negative value for 
AG, but the second term contributes to a positive value 
for AG: 


AG= AH + (-TAS) 


© © 


The sign of AG will therefore depend on the competition 
between these two terms, which is affected by 
temperature. A high temperature will cause the second 
term to dominate, giving rise to a positive value of AG. 
A low temperature will render the second term 
insignificant, and the first term will dominate, giving rise 
to a negative value of AG. The process is expected to be 
spontaneous only below a certain temperature. 


6.5. A system can only achieve a lower energy state by 
transferring energy to its surroundings (conservation of 
energy). This increases the entropy of the surroundings, 
which more than offsets the decrease in entropy of the 
system. As a result, AStot increases. 


6.6. 

(a) A positive value of AG favors reactants. 

(b) A reaction for which Keq < 1 will favor reactants. 

(c) AG = AH - TAS = (33 kJ/mol) — (298 K)(0.150 
kJ/mol * K) =— 11.7 kJ/mol 

A negative value of AG favors products. 

(d) Both terms contribute to a negative value of AG, 
which favors products (because the forward reaction is 
spontaneous). 

(e) Both terms contribute to a positive value of AG, 
which favors reactants (because the reverse reaction is 
spontaneous). 


6.7. 

(a) Process D will occur more rapidly because it has a 
lower energy of activation than process A. 

(b) Process A will more greatly favor products than 
process B, because process A is exergonic (the products 
are lower in energy than the reactants). 

(c) None of these processes exhibits an intermediate, 
because none of the energy diagrams has a local 
minimum (a valley) in between the reactants and 
products. However, all of the processes proceed via a 
transition state, because all of the energy diagrams have 
a local maximum (a peak). 
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(d) In process A, the transition state resembles the 
reactants more than products because the transition state 
is closer in energy to the reactants than the products (the 
Hammond postulate). 

(e) Process A will occur more rapidly because it has a 
lower energy of activation than process B. 

(f) Process D will more greatly favor products at 
equilibrium than process B, because process D is 
exergonic (the products are lower in energy than the 
reactants). 

(g) In process C, the transition state resembles the 
products more than reactants because the transition state 
is closer in energy to the products than the reactants (the 
Hammond postulate). 


6.8. 

(a) This compound is an alkyl halide. The carbon atom 
that is connected directly to the electronegative halogen 
(Br) is an electrophilic center, because this carbon atom 
bears a partial positive charge: 


(b) This compound is an alcohol, which is a weak 
nucleophile because of the lone pairs on the OH group: 


(c) This compound has a carbonyl (C=O) group. The 
carbon atom of the carbonyl group is an electrophilic 
center, because of resonance and inductive effects 
making it partially positive: 


(d) This compound is an alkene. The electron-rich x 
bond (highlighted) is a nucleophilic center: 


(e) This structure is a carbocation. Carbocations are 
electron-deficient and can serve as electrophiles: 


A 


(£) This is an alkoxide ion, which is electron-rich and can 
serve as a nucleophile: 


~@ 
:0: 


ox 


(g) The sodium cation (Na*) is the counter-ion, so the 
reagent in this case is the electron-rich Br anion, which 
is a nucleophile. 


(h) The lithium cation (Li*) is the counter-ion, so the 
reagent in this case is the electron-rich hydroxide (HO) 
anion, which is a nucleophile. 


(i) This compound is an alkyl halide. The carbon atom 
that is connected directly to the electronegative halogen 
(I) is an electrophilic center, because the carbon atom is 
partially positive: 
i 
+ 
HCI 
H 


(j) The potassium cation (K^) is the counter-ion, so the 
reagent in this case is an electron-rich alkoxide ion, 
which is a nucleophile. 


H3C 
m 

KOC(CHg, = Hsc—C—0: KÊ 
H3C 


6.9. 

This compound has two functional groups. On the left 
side of the structure, there is an OH group. This group is 
the characteristic functional group for an alcohol, which 
can function as a weak nucleophile, because of the lone 
pairs. And on the right side of the structure, there is a 
halogen (Cl) connected to an sp?-hybridized carbon 
atom, so that elctron-deficient carbon atom is an 
electrophilic center: 


ot 
HMQOT "V Br 


, \ 


A nucleophilic An electrophilic 
center center 
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6.10. When we draw all significant resonance structures, we find that there are two positions (highlighted) that are 
deficient in electron density and, therefore, are electrophilic. Of the two carbon-carbon x bonds, the one that is 
conjugated with the carbon-oxygen n bond is the one that is electrophilic: 


x ° é 
Oy um 7 Wy 


6.11. 

(a) The curved arrow indicates a hydride shift, which is 
a type of carbocation rearrangement. 

(b) The curved arrow indicates a nucleophilic attack. In 
this case, water functions as a nucleophile and attacks the 
carbocation. 

(c) The curved arrows indicate a proton transfer. In this 
case, water functions as the base that removes the proton. 
(d) The curved arrows indicate a nucleophilic attack. In 
this case, one of the lone pairs on the oxygen atom 
functions as the nucleophilic center that attacks the 
carbocation. 

(e) The curved arrow indicates loss of a leaving group 
(CI). 


6.12. The curved arrow indicates a proton transfer. In 
this case, the nitrogen atom functions as the base that 
removes the proton from the oxygen atom. 


6.13. 
(a) The sequence of arrow-pushing patterns is as follows: 


(0) 


W., r 


Electrophilic 
centers 


(i) nucleophilic attack 
(ii) proton transfer 
(iii) proton transfer 


(b) The sequence of arrow-pushing patterns is as 
follows: 

(i) proton transfer 

(ii) nucleophilic attack 

(iii) loss of a leaving group 


(c) The sequence of arrow-pushing patterns is as follows: 
(i) proton transfer 
(ii) loss of a leaving group 
(iii) nucleophilic attack 
(iv) proton transfer 


(d) The sequence of arrow-pushing patterns is as 
follows: 

(i) proton transfer 

(ii) nucleophilic attack 

(iii) proton transfer 


6.14. The first step is a typical proton transfer, requiring two curved arrows. The second step is a nucleophilic attack 
(recall that a x bond can function as a nucleophile) combined with the loss of a leaving group, each of which requires 
one arrow, for a total of two curved arrows. The third step is another proton transfer, which requires two curved arrows. 
In this last step, the electrons from the breaking C-H bond are used to make a new n bond. 


Nucleophilic attack 


Proton transfer 


Proton transfer 


4 EP Loss of a leaving group 
‘OH cn 
Ne @ AH iom 
CH3 HLOTs LNG CH3 -H,O CH3 AT CH3 
= 
Z Z 
CH3 CH3 CH3 CH3 
Ph Ph Ph Ph 
Compound 1 Compound 2 
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6.15. 

(a) In this case, a C-O bond is formed, indicating a 
nucleophilic attack. Water (H2O) functions as a 
nucleophile and attacks the carbocation. This is shown 
with one curved arrow. The tail of this curved arrow is 
placed on the lone pair of the oxygen atom, and the head 
is placed on the electrophilic center (the empty p orbital 
of the carbocation), as shown here: 


(b) This is a proton transfer step, in which water 
functions as a base and removes a proton, thereby 
generating H3O*. A proton transfer step requires two 
curved arrows. The tail of the first curved arrow is 
placed on a lone pair of H20, and the head is placed on 
the proton that is being transferred. Don't forget the 
second curved arrow. The tail is placed on the O-H 
bond (that is being broken) and the head is placed on the 
cationic oxygen atom, as shown: 
Pm 


Ho "o: 2s 
XM ie ^u :OH H 
en 
H^Ó^H 


(c) This step represents the loss of a leaving group 
(where the leaving group is H20). One curved arrow is 
required. The tail is placed on the C-O bond that is 
broken, and the head is placed on the oxygen atom. 


H 
i: 
pa E HOSH 


XO 
:O —H 
BY 

6.16. The conversion of 1 to 2 involves two steps: the 
lone pair on the phosphorus atom functions as a 
nucleophile and attacks compound 1, followed by loss of 
a leaving group to give compound 2. Note that nitrogen 
gas (N2) is liberated, which renders the conversion from 
1 to 2 irreversible. When 2 is treated with 3, the nitrogen 
atom of 2 functions as a nucleophile and attacks one of 
the C=O carbon atoms in 3 to give intermediate A. Loss 
of a leaving group gives B, which undergoes an 
intramolecular nucleophilic attack and loss of a leaving 
group to give C. Another intramolecular nucleophilic 
attack gives intermediate D, which then undergoes loss 
of a leaving group to give the product (4). The curved 
arrows are drawn here: 


Nucleophilic attack 


:NÆN: 


- Na 


e <> 


MeO;C. 
2 TURN XS 9 
A  QPPh “O 


Nucleophilic 
attack 
Loss of a 
leaving group 
P o o 
O'S Nucleophilic Ps 
[9) attack Ph3P—O 
we. © 
PhP, 
q^ 
N N 
MeO,c ^ ~~ Me0,c~ ~~ 
Loss of a => 
B 02 leaving Cc 0: 
group 76 
Nucleophilic 
attack 
29 


oO 20: 
- PhP-O Phe xO -2 
meoc ~~ Loss of a = N 
eo» o MeO;C ~~ 


leaving grou 
4 oO ig group D A 


6.17. 

(a) This carbocation is secondary, and it can rearrange 
via a hydride shift (shown below) to give a more stable, 
tertiary carbocation: 


©, H 
A © 
SS 
(b) This carbocation is tertiary, and it cannot become 
more stable via a rearrangement. 


(c) This carbocation is tertiary. Yet, in this case, 
rearrangement via a methyl shift will generate a more 
stable, tertiary allylic carbocation, which is resonance- 
stabilized, as shown: 


K- Cre cr 


tertiary tertiary allylic 


(d) This carbocation is secondary, but there is no way 
for it to rearrange to form a tertiary carbocation. 


(e) This carbocation is secondary, and it can rearrange 
via a hydride shift (shown below) to give a more stable, 
tertiary carbocation: 


do cdi 


H 


(f) This carbocation is secondary, and it can rearrange 
via a methyl shift (shown below) to give a more stable, 
tertiary carbocation: 


ES 


(g) This carbocation is primary, and it can rearrange via 
a hydride shift (shown below) to give a secondary, 
resonance-stabilized carbocation (we will see in Chapter 
7 that this carbocation is called a benzylic carbocation): 


oo 


(h) This carbocation is tertiary and it is resonance- 
stabilized (we will see in Chapter 7 that this carbocation 
is called a benzylic carbocation). It will not rearrange. 


6.18. In the first rearrangement, a three-membered ring 
is converted into a four-membered ring (a process called 
ring expansion). In order for this to occur, the migrating 
methylene group (highlighted) must be part of the three- 
membered ring: 


O 
am 
m 
ll 
O 
I 
| NS 


CH3 CHa CH3 


In the second rearrangement, a four-membered ring is 
converted into a three-membered ring (a process called 
ring contraction). In order for this to occur, the migrating 
carbon atom must be part of the four-membered ring. 
Once again, the same methylene group migrates 
(highlighted): 

CH2 


CH2 CH2 
Can à 
CH3 


CH3 CH; 
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6.19. 

(a) A carbon-carbon triple bond is comprised of one o 
bond and two x bonds, and is therefore stronger than a 
carbon-carbon double bond (one c and one x bond) or a 
carbon-carbon single bond (only one o bond). 
Therefore, the carbon-carbon triple bond is expected to 
have the largest bond dissociation energy. 

(b) In this molecule, the values for the C—X bonds 
(where X = halogen) can be estimated from the 
secondary alkyl halides [(CH3)2CH—X] in Table 6.1. 
These data indicate that the C-F bond will have the 
largest bond dissociation energy. 


6.20. 

(a) Using Table 6.1, we identify the bond dissociation 
energy (BDE) of each bond that is either broken or 
formed. For bonds broken, BDE values are positive 
numbers (energy is required to break bonds). For bonds 
formed, the sign of each BDE value is negative (energy 
is released when bonds are formed). 


Bonds Broken kJ/mol 
RCH2—Br +285 
RCH20—H +435 
Bonds Formed kJ/mol 
RCH2—OR — 381 
H—Br — 368 


The net sum is —29 kJ/mol. AP for this reaction is 
negative, which means that the system is losing energy. 
Itis giving off energy to the environment, so the reaction 
is exothermic. 

(b) One mole of reactant is converted into two moles of 
product (resulting in an increase in entropy), although an 
acyclic molecule is converted into a cyclic molecule 
(resulting in a decrease in energy). If AS for this reaction 
is positive, then we can conclude that the first factor 
(conversion of one mole into two moles) is more 
significant and is the dominating factor. 

(c) Both terms (AH) and (—TAS) contribute to a negative 
value of AG (AG « 0). 

(d) No, the sign of AG is not dependent on temperature. 
Since both terms (AH and —TAS) have negative values, 
the value of AG will be negative at all temperatures. 

(e) Yes, the magnitude of AG is dependent on 
temperature At high temperatures, the value of -TAS is 
large and negative, while at low temperatures, the value 
of -TAS is small and negative. 

Since AG = AH + (-TAS), the magnitude of AG will be 
dependent on temperature. 


6.21. 

(a) A reaction for which Keq > 1 will favor products. 

(b) A reaction for which Keq < 1 will favor reactants. 

(c) A positive value of AG favors reactants. 

(d) Both terms contribute to a negative value of AG, 
which favors products. 

(e) Both terms contribute to a positive value of AG, 
which favors reactants. 
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6.22. Choice (b) is the correct answer. Keq = 1 when AG 
= 0 kJ/mol (See Table 6.2). 


6.23. Keq< 1 when AG has a positive value. The answer 
is therefore: (a) +1 kJ/mol. 


6.24. 

(a) ASsys is expected to be negative (ASsys < 0, a 
decrease in entropy) because two moles of reactant are 
converted into one mole of product. 


(b) ASsys is expected to be positive (ASsys > 0, an 
increase in entropy) because one mole of reactant is 
converted into two moles of product. 


(c) ASsys is expected to be approximately zero, because 
two moles of reactant are converted into two moles of 
product. 


(d) ASsys is expected to be negative (ASss < 0, a 
decrease in entropy) because an acylic compound is 
converted into a cyclic compound. 


(e) AS; is expected to be approximately zero, because 
one mole of reactant is converted into one mole of 
product, and both the reactant and the product are 
acyclic. 


6.25. 

(a) If the reaction has only one step, then the energy 
diagram will have only one peak. Since AG for this 
reaction is negative, the product will be lower in free 
energy than the reactant, as shown here. 


Free 
energy 


Reaction coordinate 


(b) If the reaction has only one step, then the energy 
diagram will have only one peak. Since AG for this 
reaction is positive, the product will be higher in free 
energy than the reactant, as shown here. 


Free 
energy 


Reaction coordinate 


(c) If the reaction has two steps, then the energy diagram 
will have two peaks. Since AG for this reaction is 
negative, the product will be lower in free energy than 
the reactant. And the problem statement indicates that 
the transition state for the first step is higher in energy 


than the transition state for the second step, as shown 
here. 


Free 
energy 


Reaction coordinate 


6.26. 
(a) Energy diagrams B and D each exhibit two peaks, 
characteristic of a two-step process. 


(b) Energy diagrams A and C each exhibit only one 
peak, characteristic of a one-step process. 


(c) The energy of activation (Ea) is determined by the 
difference in energy between the reactants and the 
transition state (the top of the peak in the energy 
diagram). This energy difference is greater in C than it is 
in A, so C has a larger Ea. 


(d) Energy diagram A has a negative AG, because the 
products are lower in free energy than the reactants. 
This is not the case in energy diagram C. 


(e) Energy diagram D has a positive AG, because the 
products are higher in free energy than the reactants. 
This is not the case in energy diagram A. 


(f) The energy of activation (Ea) is determined by the 
difference in energy between the reactants and the 
transition state (the top of the peak in the energy 
diagram). This energy difference is greatest in D. 


(g) Keq > 1 when AG has a negative value. This is the 
case in energy diagrams A and B, because in each of 
these energy diagrams, the products are lower in free 
energy than the reactants. 


(h) Keg = 1 when AG = 0 kJ/mol. This is the case in 
energy diagram C, in which the reactants and products 
have approximately the same free energy. 


6.27. 

(a) The curved arrow indicates loss of a leaving group 
(CI). 

(b) The curved arrow indicates a methyl shift, which is a 
type of carbocation rearrangement. 

(c) The curved arrows indicate a nucleophilic attack. 

(d) The curved arrows indicate a proton transfer. In this 
case, the proton transfer step occurs in an intramolecular 
fashion (because the acidic proton and the base are 
tethered together in one structure). 


6.28. 

(a) A tertiary carbocation is more stable than a secondary 
carbocation, which is more stable than a primary 
carbocation. 


Increasing Stability 


ds ke 


e 
secondary 


Aa 


primary tertiary 


(b) The most stable carbocation is the one that is 
resonance-stabilized. Among the other two carbocations, 
the secondary carbocation is more stable than the 
primary carbocation, as shown here. 


Increasing Stability 


I A E o 
© © 
primary 


secondary secondary 


resonance-stabilized 


6.29. CH3I is an alkyl halide, and the electron-deficient 
carbon atom can function as an electrophile. In the other 
reagent, NaOCH2CH3, sodium (Na*) is the counter-ion 
and can be ignored, so this reagent is ethoxide (an 
electron-rich alkoxide ion) which is a strong nucleophile. 


6.30. 

(a) When we draw all significant resonance structures, 
we find that there are two positions (highlighted) that are 
deficient in electron density: 


6.31. The sequence of arrow-pushing patterns is as follows: 


Nucleophilic Attack 


CHAPTER 6 183 


ô+ 


(b) When we draw all significant resonance structures, 
we find that there are two positions (highlighted) that are 
deficient in electron density: 


dk Al 
b p 
| 
N 


Therefore, these two positions are electrophilic: 


A 
ade) 


Loss of Leaving 


Cl 
0) Group i9) CI 
[9] PN Cl | lo 
CI CI . IO ® CI—AI-Cl 
- (,CI—AI—CI | 
Cl: 6 l Cl 
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6.32. The sequence of arrow-pushing patterns is as follows: 


Proton Transfer Proton Transfer Loss of a 
Leaving Group 


eges Ago 


D + $03 


6.33. Both reactions have the same sequence: (i) nucleophilic attack, followed by (ii) loss of a leaving group. In both 
cases, a hydroxide ion functions as a nucleophile and attacks a compound that can accept the negative charge and store 
it temporarily. The charge is then expelled as a chloride ion in both cases. 


6.34. The sequence of arrow-pushing patterns is as follows: 


Loss of a 
Leaving Group 


$ 3 E- ö 3 " 
Z oH Nos. dee on-o-4 
che p Z ———- JL plu — > PN 


oa R^ 603 R^ ~OH 


Nucleophilic Attack Proton Transfer 


6.35. The sequence of arrow-pushing patterns is as follows: 
Proton Transfer 
Nucleophilic Loss of a Nucleophilic aH 
Attack ..@ Leaving Group Attack LO I> 
[9) 70: [9] Her re) OH 
z c Z Hen 
cs c z——— 0 Aca 


RACI RNR 
B R R R 
:R :RO 


6.36. The sequence of arrow-pushing patterns is as follows: 


Nucleophilic Attack 


Proton Transfer .. H 
:0 Proton Transfer 


of TH Ne @ -H 1 


: OH A :OH 
A de wey PVH ef 
% OR 
R 
Proton 
Transfer 
Nucleophilic Attack TOP (ale 
Proton Transfer H... Leaving Group 


oO: 
H.G,R | N &,.R HH 
wo Le oe cae "B 
wh OR T OR Pi “Tee 
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6.37. The first step is a nucleophilic attack, the second step is loss of a leaving group, and the final step is a proton 
transfer. In this case, each of the first two steps requires several curved arrows, and the final step requires two curved 
arrows, as shown: 


E 
O 
en 
ow 
S 
zo 
N 
Go | 
E 
O 
Zn 
o cb 
zo 
^ 
CS 
(0) 
I 
O 
E 
nm 
9o 
[E 
I 
zZ 
o 


2 O0 
N 
| | | 

[e Oo 06 


6.38. The following curved arrows show the flow of electrons that achieve the transformation as shown: 


6.39. The following curved arrows show the flow of electrons that achieve the transformation as shown: 


H 
wee MM H Hy a. H 
K ID e, £L 2 : | @o7H M | OH 


o fe) 
j 
O 
H ©`H 
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6.40. The following curved arrows show the flow of electrons that achieve the transformation as shown: 


"a e^. OH 


A 


6.41. 

(a) This carbocation is secondary, and it can rearrange 
via a methyl shift (shown below) to give a more stable, 
tertiary carbocation: 


c e 


©  ——— 


(b) This carbocation is secondary, and it can rearrange 
via a hydride shift (shown below) to give a more stable, 
tertiary carbocation: 


| 
-- 


(c) This carbocation is secondary, but it cannot rearrange 
to generate a tertiary carbocation. 


(d) This carbocation is secondary, and it can rearrange 
via a hydride shift (shown below) to generate a more 
stable, secondary allylic carbocation, which is resonance- 
stabilized: 


H 


= e 
CHEN E sey 


= 
of? 
ud J 

[9; 

= 


(e) This carbocation is tertiary. Yet, in this case, 
rearrangement via a hydride shift will generate a more 
stable, tertiary allylic carbocation, which is resonance- 
stabilized, as shown below. 


xO A 
POR ou Ps 


(f) This carbocation is secondary, and it can rearrange 
via a hydride shift (shown below) to give a more stable, 
tertiary carbocation: 


e 
COXKCY d d d 
——— 
H 

(g) This carbocation is tertiary and will not rearrange. 
6.42. The correct answer is (c). The problem statement 
indicates that the value of AG is negative. This does not 
necessarily indicate whether AH is positive or negative. 


Recall that: 


AG — AH — TAS 


We would need to know AS and T, in order to know the 
sign of AH. So we don't know whether the reaction is 
exothermic or endothermic. Therefore, answers (a) and 
(b) are not correct. 

Answer (c) is correct, because an exergonic process is 
thermodynamically favorable, which means that the 
products are favored over the reactants at equilibrium. 
That is, Keq -]. 


6.43. The correct answer is (d). Compound (a) lacks a 
lone pair or a pi bond, so it cannot function as a 
nucleophile. The same is true for compounds (b) and (c). 
In contrast, the oxygen atom in compound (d) does have 
lone pairs, which are localized, so water can function as 
a nucleophile (albeit a weak one). 


6.44. The correct answer is (b). Intermediates are 
represented by local minima (valleys) between the 
reactant(s) and product(s) on an energy diagram. On the 
energy diagram shown, there are two local minima, II 
and IV. 


6.45. The correct answer is (c). ASsys is expected to be 
negative (AS « 0, a decrease in entropy) because two 
moles of reactant are converted into one mole of product. 


6.46. The correct answer is (a). This reaction step 
represents a nucleophilic attack. 


he + g ? RI a 


A new bond is forming (represented as a partial bond), 
the positive charge is dissipating (represented as a partial 
positive charge on the carbon atom), and the negative 
charge is also dissipating (represented as a partial 
negative charge on the bromine atom). All of these 
changes must be shown in the transition state: 


6.47. The correct answer is (d). AH = (sum of BDE 
bonds broken) — (sum of BDE bonds formed). In this 
case, the AH for this reaction is negative, which means 
that the system is releasing energy. It is giving off energy 
to the environment, so the reaction is exothermic. The 
energy required to break the bonds must be less than the 
energy being released when bonds are formed. 
Therefore, to have a negative value for AH, the bonds 
broken must be weaker than the bonds formed. 


6.48. The correct answer is (b). The rate expression has 
the following form: 


Rate = k [EtBr][NaSH] 


The sum of the exponents in this case is 2, and the 
reaction is said to be second order. This is consistent 
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with the term "bimolecular", meaning two molecules are 
involved in the rate-determining step. 


6.49. The correct answer is (b). In the first step, the 
oxygen atom of the alcohol functions as a base and 
removes a proton from HBr (in a proton transfer 
process). Then, in the second step, a single bond is 
broken to release H2O (loss of a leaving group). 
Therefore, the order of steps is: proton transfer, 
followed by loss of a leaving group. 


6.50. 

(a) The C-Br bond is broken, indicating the loss of a 
leaving group (Br), while the C-O bond is formed, 
indicating a nucleophilic attack. This is, in fact, a 
concerted process in which nucleophilic attack and loss 
of the leaving group occur in a simultaneous fashion. 
One curved arrow is required to show the nucleophilic 
attack, and another curved arrow is required to show loss 
of the leaving group: 


CH3 


HaC 
om O 9 
o j 


H—€--Br EL» HET * Br 
H H 


(b) We identify the bond broken (CH3CH2— Br), and the 
bond formed (CH3CH2—OH). Using the data in Table 
6.1, AH for this reaction is expected to be approximately 
(285 kJ/mol) — (381 kJ/mol). The sign of AH is therefore 
predicted to be negative, which means that the reaction 
should be exothermic. 

(c) Two chemical entities are converted into two 
chemical entities. Both the reactants and products are 
acyclic. Therefore, AS for this process is expected to be 
approximately zero. 


(d) AG has two components: (AH) and (-TAS). Based 
on the answers to the previous questions, the first term 
has a negative value and the second term is insignificant, 
because AS is approximately zero. Therefore, AG is 
expected to have a negative value. This is consistent 
with the energy diagram, which shows the products 
having lower free energy than the reactants. 


(e) This transition state corresponds with the peak of the 
curve, and has the following structure: 


es |F 


(f) The transition state in this case is closer in energy to 
the reactants than the products, and therefore, it is closer 
in structure to the reactants than the products (the 
Hammond postulate). 


(g) If we inspect the rate equation, we see that the sum of 
the exponents is two, so this reaction is second order. 
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(h) According to the rate equation, the rate is linearly 
dependent on the concentration of hydroxide. Therefore, 
the rate will be doubled if the concentration of hydroxide 
is doubled. 


(i) At a higher temperature, more molecules will have the 
requisite energy to achieve the energy of activation 
necessary for the reaction to occur, so the rate will 
increase with increasing temperature. 


6.51. 

(a) Keq does not affect the rate of the reaction. It only 
affects the equilibrium concentrations. 

(b) AG does not affect the rate of the reaction. It only 
affects the equilibrium concentrations. 

(c) Temperature affects the rate of the reaction. When 
more molecules move faster (ie, as temperature 
increases), there will be more collisions with sufficient 
energy to achieve the energy of activation. 

(d) AH does not affect the rate of the reaction. It only 
affects the equilibrium concentrations. 

(e) Ea affects the rate of the reaction. Lowering the Ea 
will increase the rate of reaction. 

(f) AS does not affect the rate of the reaction. It only 
affects the equilibrium concentrations. 


6.52. In order to determine if reactants or products are 
favored at high temperature, we must consider the effect 
of temperature on the sign of AG. Recall that AG has 
two components: (AH) and (-TAS). The reaction is 
exothermic, so the first term (AH) has a negative value, 
which contributes to a negative value of AG. This favors 
products. At low temperatures, the second term will be 
insignificant, and the first term will be dominant. 
Therefore, the process will be thermodynamically 
favorable, and the reaction will favor the formation of 
products. However, above a certain temperature, the 
second term becomes dominant. In this case, two 
molecules of reactants are converted into one molecule 
of product. Therefore, AS for this process is negative, 
which means that (-TAS) is positive. At a high enough 
temperature, the second term (-TAS) should dominate 
over the first term (AH), generating a positive value for 
AG. Therefore, the reaction will favor reactants at high 
temperatures. 


6.53. Recall that AG has two components: 


(AH) and (-TAS) 


We will focus on the second term (TAS), because this is 
the term whose value will change if the temperature 
changes. In this case, two moles of reactants are 
converted into one mole of product, which represents a 
decrease in entropy. Therefore, AS for this process is 
negative, which means that (-TAS) is positive. As the 
temperature increases, the value of (-TAS) becomes a 
larger positive number, contributing to a positive value 
for AG. Therefore, the reaction will favor reactants at 
high temperatures. 


6.54. The nitrogen atom of an ammonium ion is 
positively charged, but that does not render it 
electrophilic. The nitrogen atom in this case does not 
have an empty orbital (like a carbocation), because 
nitrogen is a second row element and therefore only has 
four orbitals with which to form bonds. All four orbitals 
are being used for bonding, leaving none of the orbitals 
vacant. As a result, the nitrogen atom is not 
electrophilic, despite the fact that it is positively charged. 
In contrast, the positive charge in an iminium ion is 
delocalized by resonance: 


An iminium ion 


The second resonance structure exhibits a positive 
charge on a carbon atom, which serves as an 
electrophilic center (because it has an empty p orbital 
that can accept a pair of electrons) Therefore, an 
iminium ion is an electrophile and is subject to attack by 
a nucleophile: 
i 
Nuc RSNS, 
R 


6.55. The following curved arrows show the flow of 
electrons that achieve the transformation as shown: 


NH na 
(SRI 
A *QH 
Me | Me 
Z + N=N 
O 


6.56. In this case, a six-membered ring is being 
converted into a five-membered ring (a process called 
ring-contraction). The migrating carbon atom 
(highlighted) is bonded to the position that is adjacent to 
the C+: 


Carbocation 1 is not resonance-stabilized, while 
carbocation 2 is stabilized by resonance, as shown above. 
Indeed, the second resonance structure (2b) is the more 
significant contributor to the resonance hybrid of 2, 
because all atoms have an octet of electrons. This 
renders carbocation 2 particularly stable. This additional 
stability is absent in carbocation 1. 


6.57. 

(a) The resonance structure of 2 with an anionic oxygen 
(highlighted) is the greatest contributor to the resonance 
hybrid. Oxygen is more electronegative than carbon, so 
oxygen is more stable with the negative charge. 


(b) The first step (1 > 2) is a proton transfer, in which 
MeO ' deprotonates 1 to produce 2, the conjugate base of 
1. The transformation of 2 to 3 includes the formation of 
a C=O n bond, the relocation of two C=C z bonds, and 
the breaking of a C-O o bond. The resulting anionic 
oxygen of 3 then serves as a nucleophile, attacking the 
indicated carbon, pushing electrons up to the oxygen of 
the C=O bond, as shown. In the final step (4 > 5), the 
C=O m bond is re-formed and a proton is transferred 
from MeOH to the cyclic structure, regenerating MeO^ 
(a proton transfer step). 
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6.58. 

In step 1, the hydroxide ion functions as a nucleophile 
and attacks the carbon atom of the ester group on the left, 
pushing the x electrons up to the oxygen atom. In step 2, 
the anionic oxygen atom serves as a base and removes a 
proton in an intramolecular fashion (proton transfer), as 
shown. The electrons in the C-H bond form a C=C 1 
bond; the C-O o bond breaks thus converting the 
adjacent C—O bond to a double bond, expelling HO" as a 
leaving group. Step 3 is a proton transfer, with hydroxide 
(HO) serving as the base, and the carboxylic acid 
serving as the acid. 


"n, à step 1 m, 
o ov Ò 
>~ H” DO E 
O D oe HO so: 4 D O 
1 b fe oe 
POS | step 2 
D D 
= 
D oo O p oe 
o ak 
d m HO O—H 
o? oe 
HO: 
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6.59. 
(a) The following curved arrows show the flow of electrons that achieve the transformation as shown: 


NS 


O :0: OH 


Pny 2 


(b) When the first intermediate is redrawn from the following perspective, it becomes clear that the electrons in the 
carbon-carbon n-bond come from above the carbon-oxygen mn bond, allowing for the chiral center to be generated as 
shown. If you have trouble seeing this, you might find it helpful to build a molecular model. 


3 LO geo = Ši © K >=o 


M 


6.60. The location of C+ has moved to a position that is two carbon atoms away, which requires two consecutive 
carbocation rearrangements. The first rearrangement is a 1,2-hydride shift to give a 3° carbocation. Notice that the 
migrating H is on a dash. When the 1,2-hydride shift occurs, the H migrates across along the back face of the 
molecule, so the H remains on a dash in the newly generated carbocation. Then, a 1,2-methyl shift gives another 
tertiary carbocation B. Notice that in this second step, the migrating methyl group is on a wedge. When the 1,2-methyl 
shift occurs, the methyl group migrates along the front face of the molecule, so the methyl group remains on a wedge in 
carbocation B. 


HO 


OH 


1,2-hydride shift 


—————- 


1,2-methyl shift 


—————- 
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6.61. 
(a) The sequence of arrow-pushing patterns is shown below, together with all curved arrows: 


Proton Proton 
transfer transfer 
Ce 
2s O 


Proton | er 
N 


Proton Nucleophilic 
transfer attack 
A YUELR 


(b) Consider where the nucleophilic attack is occurring. The lone pairs on the oxygen atom (highlighted) are attacking 
the highlighted carbon atom. 


Nucleophilic 


Electrophilic centért 


center 


The oxygen atom is the nucleophilic center, and the carbon atom is the electrophilic center. In order to understand why 
this carbon atom is electron-poor, we draw resonance structures of 4: 


If we inspect resonance structure 4c, we see why the highlighted carbon atom is electrophilic. In fact, when we draw 
this resonance structure, we can see the nucleophilic attack more clearly: 
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(c) The new chiral center is highlighted below. The oxygen atom takes priority #1, while the H has priority #4. 
Between #2 and #3, it is difficult to choose because both are carbon atoms and each of them is connected to C, C, and 
H. The tie breaker comes when we move farther out, and one of the carbon atoms is connected to O and N, while the 
other is connected to N, C, and H. The carbon atom connected to O and N wins (#2), giving the R configuration: 


The newly formed chiral center has the R configuration, and not S, because the attached nucleophile is attacking from 
above, so the O must end up on a wedge: 


6.62. following scheme: 
(a) The carbon atom highlighted below is migrating, and 
the following curved arrow shows the migration: 


(b) The newly formed chiral center is highlighted below. 
Notice that the methyl group (attached to the highlighted 
carbon atom) is on a dash. The diastereomeric 
carbocation (not formed) would have this methyl group 
on a wedge: 


(c) The initial carbocation has three rings. One of them 
is a four-membered ring. The ring strain associated with 
this ring is alleviated as a result of the rearrangement. 
That is, the four-membered ring is converted into a five- 
membered ring, which has considerably less ring strain. 
It is true that a six-membered ring (which generally has 
very little, if any, ring strain) is converted into a five- 
membered ring, which does possess some ring strain. 
However, this energy cost is more than offset by the 
alleviation of ring strain resulting from enlarging the 
four-membered ring. 


not formed 


The other configuration is not formed because of the 
structural rigidity (and lack of conformational freedom) 
imposed by the tricyclic system. Specifically, only one 
face of the empty p orbital (associated with C+) is 
accessible to the migrating carbon atom, as seen in the 


6.63. 

(a) The following curved arrows show an intramolecular 
nucleophilic attack, with the simultaneous loss of a 
leaving group: 


Hy 
N Ry T Ry 
H.O H—N 
© N N: N: 
S S H \ 
' 2 R2 3 Ro 


(b) Resonance structures (2a and 2b) can be drawn for 
intermediate 2: 


H,» H,- 
NS R Ry 
~Q Heu 
N. A [5 
N7 \ N^ ; 
R2 R2 
2a 2b 


Notice that the negative charge is spread over two 
nitrogen atoms via resonance. As such, either of these 
nitrogen atoms can function as the nucleophilic center 
during the nucleophilic attack. Either the isotopically 
labeled nitrogen atom can attack, like this: 


Hy 
N Ry Ry 
NS H—N 
SN» — gal^ 
LNA MN. -— ON 
NZ \ H \ 
* R2 R2 


or the other nitrogen atom can attack, like this: 


15, Ry 
H—N 

N | 2 

Td . N: 

R2 


4a 
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So, if the proposed mechanism were truly operating, we 
would expect that either nitrogen atom would have an 
equal probability of forming the four-membered ring, 
and so only 50% of the ^N atom would be incorporated 
into the nitrile. That is, both 4a and 4b should both be 
formed. If that had been the case, we would have said 
that the ^N atom was “scrambled” during the reaction. 
Since that did not occur, the proposed mechanism was 
refuted. 


6.64. 
(a) Compound 1 is converted to intermediate 2 upon loss 
of a leaving group. 


o 
Le E 
zoh Ph TUS Bh 
1 


@O 
2 


Notice that two curved arrows are employed in this case. 
The arrow with its tail on a C—O bond represents loss of 
the leaving group. The other curved arrow (with its tail 
on a lone pair) can be viewed in two ways: It can be 
viewed as the electrons coming from the O to push out 
the leaving group, as shown above, or it can be viewed 
as a resonance arrow that allows us to draw resonance 
structure 2, thereby bypassing resonance structure 2a: 


LE 


o 
joi = T 
@ 
Z 
D^ "Ph Lok " Ph 
(©) . 
2 2a 


Structure 2 is a greater contributor than 2a to the overall 
resonance hybrid because all atoms possess an octet of 
electrons. (Resonance structure 2a has a C- that is 
missing an octet.) 


(b) In order to draw the curved arrows in this case, it will 
be helpful if we first rotate about the C-C bond indicated 
below. 

o 


O, 
Rotate about o 
this C-C bond [9) = 
Z^ z ON 
a? Ph d Ph 
2 2 
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This gives a conformation in which the atoms are 
arranged in the proper orientation necessary to show the 
conversion of 2 into 3. Three curved arrows are required 
to show the flow of electrons that correspond with the 
transformation of 2 into 3: 
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Alkyl Halides: Nucleophilic Substitution and 


Elimination Reactions 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of Chapter 7. 
Each of the sentences below appears verbatim in the section entitled Review of Concepts and Vocabulary. 


Good leaving groups are the conjugate bases of acids. 

Sn2 reactions proceed via of configuration, because the nucleophile can only 
attack from the back side. 

Sn2 reactions cannot be performed with alkyl halides. 

A trans t bond cannot be incorporated into a small ring. When applied to bicyclic systems, this 
rule is called rule, which states that it is not possible for a carbon of 


a bicyclic system to possess a C=C double bond if it involves a trans x bond being incorporated in 
a small ring. 
E2 reactions are regioselective and generally favor the more substituted alkene, called the 


product. 
When both the substrate and the base are sterically hindered, an E2 reaction can favor the less 
substituted alkene, called the product. 
If the p position has two different protons, the resulting E2 reaction can be stereoselective, because 
the isomer will be favored over the isomer (when applicable). 
If the B position has only one proton, an E2 reaction is said to be , because the 
proton and the leaving group must be to one another. 
Unimolecular nucleophilic substitution reactions are called reactions. An Snl mechanism 
is comprised of two core steps: 1) to give a carbocation 


intermediate, and 2) : 

When a solvent molecule functions as the attacking nucleophile, the resulting Sn1 process is called 

a i 

Unimolecular elimination reactions are called reactions. 

Sul processes are favored by solvents. 

Snl and E1 processes are observed for tertiary alkyl halides, as well as allylic and 

halides. 

When the a position is a chiral center, an Sw1 reaction gives nearly a racemic mixture. In practice, 

there is generally a slight preference for over retention of configuration, as a 

result of the effect of ion pairs. 

Substitution and elimination reactions often compete with each other. To predict the products, 

three steps are required: 1) determine the function of the ; 2) analyze the 
and determine the expected mechanism(s); and 3) consider any relevant 

regiochemical and stereochemical requirements. 

Alcohols react with HBr to give alkyl halides, either via an pathway (for primary and 

secondary substrates) or via an pathway (for tertiary substrates). 

When treated with concentrated sulfuric acid, tertiary alcohols are converted into via 

an El process. 

A analysis shows the product first, followed by reagents that can be used to 

make that product. 


solvents contain a hydrogen atom connected directly to an electronegative 


atom, while solvents lack such a hydrogen atom. 
A solvent will speed up the rate of an Sn2 process by many orders of 
magnitude. 


Sn1 processes are favored by solvents. 
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Review of Skills 


Follow the instructions below. To verify that your answers are correct, look in your textbook at the end of 


Chapter 7. The answers appear in the section entitled SkillBuilder Review. 


SkillBuilder 7.1 Drawing the Product of an Sn2 Process 


Replace the leaving group with the nucleophile, and draw inversion of configuration (if relevant). 


pe M + Be 


SkillBuilder 7.2 Drawing the Transition State of an Sn2 Process 


Draw the transition state of the following reaction: 


NaSH 
a que cue a 


Transition state 


SkillBuilder 7.3 Predicting the Regiochemical Outcome of an E2 Reaction 


Draw the elimination products obtained when the compound below is treated with a strong base: 


Strong Base 
————————————- + 
CI 


Zaitsev Hofmann 


SkillBuilder 7.4 Predicting the Stereochemical Outcome of an E2 Reaction 


Predict the stereochemical outcome of the following reaction, and draw the product. 


Sw Strong Base 
———— 


CI 


SkillBuilder 7.5 Drawing the Products of an E2 Reaction 


Predict the major and minor products of the following reaction. 


Mte NaOEt H 


Major Minor 


SkillBuilder 7.6 Drawing the Carbocation Intermediate of an Sn1 or E1 Process 


Draw the carbocation that would be formed if a chloride ion is expelled from the following compound: 


pu - oP 
Cl 
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SkillBuilder 7.7 Predicting the Products of Substitution and Elimination Reactions of Alkyl Halides 


Fill in the blanks below: 


Step 1 Determine the function | Step 2 Analyze the and Step 3 Consider any relevant regiochemical 
of the . determine the expected mechanism(s). and requirements. 


SkillBuilder 7.8 Performing a Retrosynthesis and Providing a Synthesis of a Target Molecule 


Step 1 Using a wavy | Step 2 Draw a suitable nucleophile | Step 3 Verify that the reaction Step 4 Draw the forward process 
line, identify a bond and electrophile that will react to is reasonable by drawing and showing all reagents. 
that can be made via | make the desired bond. considering the mechanism. 
= reactions. 
Ó 
= ek 
Ae o7 
Nucleophile Electrophile 


SkillBuilder 7.9 Retrosynthesis and Synthesis of an Alkene Target Molecule: Elimination Reactions 


STEP 1 Identify a STEP2 Select STEP 3 Verify that the proposed STEP 4 Draw the forward 
suitable starting material: appropriate reagents: route is reasonable by drawing process: 
and considering the mechanism. 


An alkyl halide 


( 


Strong base 


made from 


An alkyl halide BS 


Target molecule 


Review of Reactions 

Identify reagents that can be used to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 7. The answers appear in the section 
entitled Review of Reactions. 


Primary Substrates 


Bi 
RON J 
/ An alkyl halide 
ae d "BR" 
An alcohol A nitrile 
OT OCH 
RON jp — oN RON 3 Be pr RON o 


An alkyl tosylate An alkene An ether A thiol An ester © 
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Tertiary Substrates 


O 
we An alkyl adit ee 


OH 
pa = 
An alcohol An alkene An alkene 
ee a product} (Hofmann product} 


An alkyl tosylate 


Review of Mechanisms 

Complete each of the following mechanisms by drawing the missing curved arrows. To verify that your 
curved arrows are drawn correctly, compare them to the curved arrows in the mechanism boxes for 
Mechanisms 7.1 — 7.4, which can be found throughout Chapter 7 of your text. 


Mechanism 7.1 The Sn2 Mechanism 


© 
E F :Base \ / -0 
PRT o Ton +  H—Base + 7X! 
X 


o 
X -X : Base © 
SS H —————- + — H—Base 
© 


Useful reagents 
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The following is a list of commonly encountered reagents for substitution and elimination reactions: 


Reagent Name Function 
; An ionic salt consisting of Na* and CI’ ions. The former (Na*) can 
Sodium : - à PARA 
NaCl : be ignored in most cases, while the latter (chloride) is a strong 
chloride : : S 
nucleophile. NaCl is a source of chloride ions. 
: An ionic salt consisting of Na* and Br ions. The former (Na*) can 
Sodium : : . IE 
NaBr . be ignored in most cases, while the latter (bromide) is a strong 
bromide 3 f ers 
nucleophile. NaBr is a source of bromide ions. 
An ionic salt consisting of Na* and T ions. The former (Na*) can be 
Nal Sodium iodide | ignored in most cases, while the latter (iodide) is a strong 
nucleophile. Nal is a source of iodide ions. 
N 
e DBN A strong base that can be used in E2 reactions. 
N 
N 
DBU A strong base that can be used in E2 reactions. 
SN 
N 
Hydroxide (HO) is both a strong nucleophile AND a strong base, 
Sodium and can therefore be used for either E2 or Sn2 reactions, depending 
NaOH hvdroxide on the substrate (Sn2 is favored for primary substrates, E2 is favored 
y for secondary substrates, and E2 is the exclusive pathway for tertiary 
substrates). 
R is an alkyl group. Examples include sodium methoxide (NaOMe) 
and sodium ethoxide (NaOEt). Alkoxide ions are both strong 
NaOR Sodium nucleophiles and strong bases. They can therefore be used for either 
alkoxide E2 or Sn2 reactions, depending on the substrate (SN2 is favored for 
primary substrates, E2 is favored for secondary substrates, and E2 is 
the exclusive pathway for tertiary substrates). 
tert-Butoxide is both a strong nucleophile and a strong base. But it is 
Bond sterically hindered, which favors E2 over Sn2 even for primary 
t-BuOK 5 rupit er- | substrates. For E2 reactions, when more than one regiochemical 
OXIGE outcome is possible, tert-butoxide will favor formation of the less 
substituted alkene. 
Sodium - : . : 
NaSH hydrosulfide HS' is a strong nucleophile, used in Sn2 reactions. 
H0 Wat Water is a weak nucleophile and a weak base, used in Sn1 and E1 
2 SE reactions. Heat will often favor El over Snl. 
Examples include methanol (CH3OH) and ethanol (CH3CH20H). 
ROH An alcohol Alcohols are weak nucleophiles and weak bases, used in Sn1 and E1 
reactions. Heat will often favor E1 over Sn1. Alcohols can also 
serve as substrates for Sn1 or El reactions under acidic conditions. 
HX Hydrogen A strong acid that serves as both a source of H* and nucleophilic X^ 
(X = Cl, Br, or I) halides where X = Cl, Br, or I. 
Concentrated | A strong acid, used to convert alcohols into alkenes (acid-catalyzed 


conc. H2SO4 


sulfuric acid 


dehydration of an alcohol). 
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Common Mistakes to Avoid 


When drawing the mechanism of a reaction, you must always consider what reagents are being used, and your 
mechanism must be consistent with the conditions employed. As an example, consider the following Sn1 reaction: 


Br CHOH — P ow 


The following proposed mechanism is unacceptable, because the reagent employed in the second step is not present: 


WRONG 
Mo 
Br 9 CH30: OCH 
DO - Br MÀ 3 
E o BEEN 


This is a common student error. To see what's wrong, let's look closely at the reagent. Methanol (CH3OH) is not a 
strong acid. Rather, it is a weak acid, because its conjugate base, methoxide (CH3O ), is a strong base. Therefore, 
methoxide is not present in substantial quantities, so the mechanism in this case should not employ methoxide. Below 
is the correct mechanism: 


CORRECT rum 


Methanol (rather than methoxide) functions as the nucleophile in the second step, because methoxide was not indicated 
as a reagent, and it is not expected to be present. The result of the nucleophilic attack is an oxonium ion (an 
intermediate with a positive charge on an oxygen atom), which is then deprotonated by another molecule of methanol. 
Once again, in this final step of the mechanism, methanol functions as the base, rather than methoxide, because the 
latter is not present. 

This example is just one illustration of the importance of analyzing the reagent and considering what entities can be 
used in your mechanism. This will become increasingly important in upcoming chapters. 


Now let's consider another reaction, so that we can identity another common student error. We have seen 
that an OH group is a bad leaving group (because hydroxide is a strong base). Therefore, in order for an alcohol (ROH) 
to serve as a substrate in a substitution or elimination reaction, the OH group must first be converted into a better 
leaving group. We have seen two ways to do this. One method involves converting the alcohol into a tosylate: 


Subst. 
TsCl 
R-OH ——— ——-  R-OTs : 
pyridine -. Elim. 
Bad Good 
leaving group leaving group 


The other method involves protonation of the OH group, as seen in the following example: 


H 
| 
So? 
aoe A 
R—-O-H R Toe 
Bad d 
leaving group Good 


leaving group 


This latter approach (protonation) has a serious limitation. Specifically, it cannot be used if the reagent is a strong base. 
For example, the following reaction sequence does not work: 


OH 
H30* 
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H Se H WRONG 


t-BuOK 
———»- 


S 


It doesn't work because it is not possible to have a strong acid (H3O") and a strong base (¢-BuOK) present in the same 


reaction flask at the same time (they would simply neutralize each other). 


In order to achieve the desired 


transformation, the OH group must first be converted to a tosylate (rather than simply being protonated), and then the 


desired reaction can be performed, as shown here: 


OH 


1) TsCl, pyridine 
— > 
2) t-BuOK 


TsCl 
pyridine 


Solutions 

7.1. 

(a) The parent is the longest chain, which is five carbon 
atoms in this case (pentane). There are three substituents 
(bromo, bromo, and chloro) and their locants are 
assigned as 4, 4, and 1, respectively. In this case, the 
parent was numbered from right to left, so as to give the 
lowest number to the first substituent (1,4,4 rather than 
2,2,5). Notice that two locants are necessary (rather than 
one) to indicate the locations of the two bromine atoms, 
even though they are connected to the same position 
(4,4-dibromo rather than 4-dibromo). 


Br Br 


^ ^ Cl 


5 3 1 


4,4-dibromo-1-chloropentane 


(b) The parent is a six-membered ring (cyclohexane). 
There are two substituents (methyl and bromo), both of 
which are located at the C1 position. Substituents are 
alphabetized in the name (bromo precedes methyl). 


6 
5 Br 
1 
4 2 
3 
1-bromo-1-methylcyclohexane 


(c) The parent is the longest chain, which is eight carbon 
atoms in this case (octane). There are two substituents 
(ethyl and chloro), both of which are located at the C4 
position. These substituents are alphabetized (chloro 
precedes ethyl). In this case, there is also a chiral center, 


so we must assign the configuration (R), which must be 
indicated at the beginning of the name. 


T 


CI 
(R)-4-chloro-4-ethyloctane 


(d) The parent is the longest chain, which is six carbon 
atoms in this case (hexane). There are three substituents 
(fluoro, methyl, and methyl), and their locants are 
assigned as 5, 2, and 2, respectively. In this case, the 
parent was numbered from right to left, so as to give the 
lowest number to the second substituent (2,2,5 rather 
than 2,5,5). The substituents are arranged alphabetically 
in the name, so fluoro precedes dimethyl (the former is 
"f" and the latter is *m"). In this case, there is also a 
chiral center, so we must assign the configuration (R), 
which must be indicated at the beginning of the name. 


(R)-5-fluoro-2,2-dimethylhexane 


(e) The parent is the longest chain, which is nine carbon 
atoms in this case (nonane). There are three substituents 
(methyl, bromo, and isopropyl) and their locants are 
assigned as 2, 3, and 3, respectively. The substituents 
are arranged alphabetically in the name (note that 
isopropyl is alphabetized as “i” rather than as “p”, so it 
comes before methyl) If we choose to use the 


systematic name for isopropyl, (1-methylethyl), it is 


202 CHAPTER 7 


placed after methyl when the substituents are arranged 
alphabetically. In this case, there is no chiral center (C2 
is connected to two methyl groups, and C3 is connected 
to two isopropyl groups). 


3-bromo-3-isopropyl-2-methylnonane 
or 
3-bromo-2-methyl-3-(1-methylethyl)nonane 


(f) The parent is a ring of four carbon atoms 
(cyclobutane). There are four substituents (two methyl 
groups, a chloro group, and a tert-butyl group), and their 
locants are assigned as 1, 1, 2, and 3, respectively. In 
this case, the parent is numbered so as to give the lowest 
number to the second substituent (1,1-dimethyl), and 
then continuing clockwise. The substituents are arranged 
alphabetically (note that tert-butyl is alphabetized as 
*b"). If we choose to use the systematic name for tert- 
butyl, (1,1-dimethylethyl), it is alphabetized as 
“methylethyl,” so it is placed after the “methyl” (in 1,2- 
dimethyl) when the substituents are arranged 
alphabetically. In this case, there are also two chiral 
centers (C2 and C3), so we must assign the configuration 
of each. Note that C1 is not a chiral center, because it 
bears two methyl groups. 


(2R,3R)-3-tert-butyl-2-chloro- 
1,1-dimethylcyclobutane 
or 
(2R,3R)-2-chloro-1,1-dimethyl- 
3-(1,1-dimethylethyl)cyclobutane 


(g) The parent is the longest chain, which is nine carbon 
atoms in this case (nonane). There are three substituents 
(chloro, ethyl, and methyl), and their locants are assigned 
as 2, 4, and 8, respectively. In this case, the parent is 
numbered so as to give the lowest number to the second 
substituent (2,4,8, rather than 2,6,8). The substituents 
are arranged alphabetically. In this case, there are also 
two chiral centers (C2 and C4), so we must assign the 
configuration of each. 


8 6 4 
9 7 5 


(2R,AS)-2-chloro-4-ethyl-8-methyInonane 


(h) The parent is the longest chain, which is five carbon 
atoms in this case (pentane). There are several choices 
for a five-membered parent, so we choose the one with 
the greatest number of substituents. 


There are five substituents (two chloro groups, two ethyl 
groups, and a methyl group), and their locants are 
assigned as 2, 2, 3, 3, and 4, respectively. In this case, 
the parent is numbered so as to give the lowest number 
to the second substituent (2,2-dichloro). The substituents 
are arranged alphabetically. In this case, there are no 
chiral centers. 


2,2-dichloro-3,3-diethyl-4-methylpentane 


7.2. 

(a) The reaction has a second-order rate equation, and 
the rate is linearly dependent on the concentrations of 
two compounds (the nucleophile AND the alkyl halide). 
If the concentration of the substrate (the alkyl halide) is 
tripled, the rate should also be tripled. 

(b) As described above, the rate is linearly dependent on 
the concentrations of both the nucleophile and the alkyl 
halide. If the concentration of the nucleophile is 
doubled, the rate of the reaction is doubled. 

(c) As described above, the rate is linearly dependent on 
the concentrations of both the nucleophile and the alkyl 
halide. If the concentration of the substrate (the alkyl 
halide) is doubled and the concentration of the 
nucleophile is tripled, then the rate of the reaction will be 
six times faster (x23). 


7.3. 

(a) The substrate is (S)-2-chloropentane, and the 
nucleophile is HS' (note that Na* serves as the 
counterion for the nucleophile and plays no active role in 
the reaction). Chloride is ejected as a leaving group, 
with inversion of configuration. 


Ce ©.. - ce "A 


(S)-2-chloropentane 


(b) The substrate is (R)-3-iodohexane, and the 
nucleophile is chloride (CI). Iodide is ejected as a 
leaving group, with inversion of configuration. 


Wey qu NE i 1° 
Gi + Jer —— 
(R)-3-iodohexane 


D a 


(c) The substrate is (R)-2-bromohexane, and the 
nucleophile is cyanide (N=C7). Bromide is ejected as a 
leaving group, with inversion of configuration. 


PF z = 
Kw in A 


(R)-2-bromohexane 


N 


wO 


(d) The substrate is 1-bromoheptane, and the 
nucleophile is hydroxide (HO ). Bromide is ejected as a 
leaving group. There is no inversion of configuration in 
this case, because there is no chiral center: 


f^ "MP -BÊ 
BBA” RUP n go 


1-bromoheptane 


7.4. The problem statement indicates that tert-butoxide 
functions as a base, removing a proton from compound 1 
to give the carbanion intermediate. This is a proton 
transfer step, so it requires two curved arrows, as shown: 


1 carbanion intermediate 


This intermediate then undergoes an intramolecular Sn2- 
type process, because it has both a nucleophilic center 
and an electrophilic center: 


electrophilic 
center 


nucleophilic 
center 


That is, the nucleophile and electrophile are tethered to 
each other (rather than being separate compounds), and 
the reaction occurs in an intramolecular fashion, as 
shown: 
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This process is not bimolecular, but it is similar to an 
Sn2 mechanism (concerted, back-side attack). 


7.5. 

(a) The leaving group is a bromide ion (Br) and the 
nucleophile is a hydroxide ion (HO ). In the transition 
state, each of these groups is drawn as being connected 
to the a position with a dotted line to represent a partial 
bond (a bond that is either in the process of forming or 
breaking), and at a bond angle of 180? (indicating back- 
side attack). A ô- is placed on each group to represent a 
partial negative charge, indicating that these charges are 
in the process of forming or dissipating. Don't forget the 
brackets and the double-dagger symbol that indicate the 
drawing is a transition state. 


D= 


(b) The leaving group is an iodide ion (I) and the 
nucleophile is an acetate ion (CH3CO7). In the 
transition state, each of these groups is drawn as being 
connected to the a position with a dotted line to 
represent a partial bond (a bond that is either in the 
process of forming or breaking), and at a bond angle of 
180° (indicating back-side attack). A ô- is placed on 
each group to represent a partial negative charge, 
indicating that these charges are in the process of 
forming or dissipating. Don't forget the brackets and the 
double-dagger symbol that indicate the drawing is a 
transition state. 


[e t 
Qe v usus I 


HH 


(c) The leaving group is a chloride ion (CI) and the 
nucleophile is a hydroxide ion (HO ). In the transition 
state, each of these groups is drawn as being connected 
to the a position with a dotted line to represent a partial 
bond (a bond that is either in the process of forming or 
breaking), and at a bond angle of 180? (indicating back- 
side attack). A ô- is placed on each group to represent a 
partial negative charge, indicating that these charges are 
in the process of forming or dissipating. Don't forget the 
brackets and the double-dagger symbol that indicate the 
drawing is a transition state. 


204 CHAPTER 7 


placed on each group to represent a partial negative 

+ charge, indicating that these charges are in the process of 
forming or dissipating. Don’t forget the brackets and the 
double-dagger symbol that indicate the drawing is a 
transition state. 


+ 


(d) The leaving group is a bromide ion (Br) and the HS 
nucleophile is HS”. In the transition state, each of these 
groups is drawn as being connected to the a position 
with a dotted line to represent a partial bond (a bond that 
is either in the process of forming or breaking), and at a 
bond angle of 180° (indicating back-side attack). A ô- is 


7.6. The leaving group is the oxygen atom of the three-membered ring, and the nucleophile is the oxygen atom bearing 
the negative charge. In the transition state, each of these groups is drawn as being connected to the a carbon 
(highlighted below) with a dotted line (indicating a bond that is either in the process of forming or breaking), and at a 
bond angle of 180? (indicating back-side attack). In this case, the nucleophilic oxygen atom is approaching from 
behind the page, because the leaving group is on a wedged bond that is pointing toward us. A ô- is placed on each 
group to represent a partial negative charge, indicating that these charges are in the process of forming or dissipating. 
Notice that the a carbon (highlighted) undergoes inversion of configuration. This can be seen if we compare the 
location of the hydrogen atom in compound 1 (H is on a dash) and in compound 2 (H is on a wedge). Since the H goes 
from being on a dash to being on a wedge, it must pass through the plane of the page in the transition state. For this 
reason, the H is drawn on a straight line (not a wedge or a dash): 


nucleophile 


7.7. The lone pair of the nitrogen atom (connected to the aromatic ring) can function as a nucleophile, ejecting the 
chloride ion in an intramolecular SN2-type reaction, generating a high-energy intermediate that exhibits a three- 
membered ring. The ring is opened upon attack of a nucleophile in an Sn2 process. These two steps are then repeated, 
as shown here. 


O NH» Cel O NH2 


/ - ce 
HO N: —.+ HO a 
Cl o CI 
| Nuc 
9) NH; Nuc o NH; Nuc 
-CI 
e Pond ———— end 
HO WS HO N e 
p2 Gol 
O NH3 Nuc 
/ 
mE y 


7.8. The nitrogen atom functions as a nucleophilic 
center and attacks the electrophilic methyl group in 
SAM, forming an ammonium ion. 


HaC, e i Ts on 
d 


S 
PEN m 
/ R/O'R H3C No 
HaC (SAM) CH, 


7.9. 

(a) With a second-order rate equation, the rate is 
expected to be linearly dependent on the concentrations 
of the alkyl halide and the base. If the concentration of 
the alkyl halide is tripled, then the rate is expected to be 
three times faster. 

(b) With a second-order rate equation, the rate is 
expected to be linearly dependent on the concentrations 
of the alkyl halide and the base. If the concentration of 
the base is doubled, then the rate is expected to be two 
times faster. 

(c) With a second-order rate equation, the rate is 
expected to be linearly dependent on the concentrations 
of the alkyl halide and the base. If the concentration of 
the alkyl halide is doubled and the concentration of the 
base is tripled, then the rate is expected to be six times 
faster (x23). 


7.10. 

(a) Each alkene is classified according to its degree of 
substitution. Highlighted below are the alkyl 
substituents attached to each C=C double bond. The 
most highly substituted alkene will be the most stable, 
and therefore, the following order of stability is 
expected. 

increasing stability 


> 
di- tri- tetra- 
substituted substituted substituted 


(b) Each alkene is classified according to its degree of 
substitution. Highlighted below are the alkyl substituents 
attached to each C=C double bond. The most highly 
substituted alkene will be the most stable, and therefore, 
the following order of stability is expected. 


increasing stability 


> 
mono- di- tri- 
substituted substituted substituted 
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7.11. In the first compound, all of the carbon atoms of 
the cyclobutane ring are sp? hybridized and tetrahedral. 
As a result, they are supposed to have bond angles of 
approximately 109.5°, but their bond angles are 
compressed due to the ring (and are almost 90?). In other 
words, the compound exhibits angle strain characteristic 
of small rings. In the second compound, two of the 
carbon atoms in the ring (the two joined by a double 
bond) are sp? hybridized and trigonal planar. As a result, 
these two carbon atoms are each supposed to have bond 
angles of approximately 120°, but their bond angles are 
compressed due to the ring (and are almost 90°). The 
resulting angle strain (120° > 90?) is greater than the 
angle strain in the first compound (109.5? > 90°). 
Therefore, the second compound is less stable and higher 
in energy, despite the fact that it has a more highly 
substituted double bond. 


7.12. 
(a) This compound has three positions, but one of 
them (highlighted) does not bear protons: 


acc 


Since there are two B positions bearing protons, there are 
two possible elimination products. Since the base 
(ethoxide) is not sterically hindered, we expect that the 
major product will be the more-substituted alkene (the 
Zaitsev product), and the minor product will be the less- 
substituted alkene (the Hofmann product). 


edat 


major 
(more substituted) 


minor 
(less substituted) 


(b) This compound has three positions that bear 
protons, but two of them (highlighted) are identical: 


Thus, there are only two unique B positions, giving rise 
to two possible elimination products, shown below. 
Since the base (tert-butoxide) is sterically hindered, we 
expect that the major product will be the less-substituted 
alkene (the Hofmann product), and the minor product 
will be the more-substituted alkene (the Zaitsev product). 
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B-A g 


major minor 
(less substituted) (more substituted) 


(c) This compound has three B positions that bear 
protons, but two of them (highlighted) are identical: 


pé 


p p 


Thus, there are only two unique f positions, giving rise 
to two possible elimination products, shown below. 
Since the base (hydroxide) is not sterically hindered, we 
expect that the major product will be the more- 
substituted alkene (the Zaitsev product), and the minor 
product will be the less-substituted alkene (the Hofmann 
product). 


Dar PN 


major minor 

(more substituted) (less substituted) 

(d) This compound has three f positions that bear 
protons, but two of them (highlighted) are identical: 


aks 


B p 


Thus, there are only two unique f positions, giving rise 
to two possible elimination products. Since the base 
(tert-butoxide) is sterically hindered, we expect that the 
major product will be the less-substituted alkene (the 
Hofmann product), and the minor product will be the 
more-substituted alkene (the Zaitsev product). 


I {-BuOK 
E + S 


major minor 
(less substituted) (more substituted) 


(e) This compound has three f positions that bear 
protons: 
Br 


In this case, all three B positions are identical, because 
removing a proton from any one of these positions will 
lead to the same product. As such, there is only one 
possible elimination product: 


Br 
NaOH 
Ei. "4 
only product 


(f) As seen in the solution to part (e), all three p 
positions are identical, so only one elimination product is 
possible. 


Br 
t-BuOK 
eee S 
only product 


7.13. 

(a) The more substituted alkene is desired (the Zaitsev 
product), so hydroxide (not sterically hindered) should 
be used. 

(b) The less substituted alkene is desired (Hofmann 
product), so fert-butoxide (a sterically hindered base) 
should be used. 


7.14. Both bromide leaving groups should be considered 
for elimination, but the primary bromide cannot be 
eliminated because it has no beta hydrogen. 


Br « 


This Br cannot 
Br — 


B be removed 


Because there is no H 
in the beta position 


Therefore, the product must be formed via an E2 reaction 
involving the tertiary bromide. 


Br g 
4 Br 
B 


There are three B positions, but the base (t-butoxide) is 
sterically hindered, so we expect the Hofmann product 
(deprotonation of the less hindered beta hydrogen): 


t-BuO: ert 


m = A 
Major product 


Regarding the other B positions, Bredt's Rule states that 
it is highly unlikely for a C=C double bond to be formed 
at a bridgehead carbon of a bicyclic system such as the 
one shown. 


Cannot form double bond 
at bridgehead position 


Į 
Br TN JE 


Not formed 


HBUOS N 
E H Bn 
VB 


The same is true regarding deprotonation at the other 
beta position: 


Br, Not formed 


p, "NX EK 


Cannot form double bond 
at bridgehead position 


As a result, this reaction affords only one product. 


7.15. 
(a) The substrate has two p positions, but only one of 
these positions (highlighted) bears protons. 


This B position has two protons, and both can achieve 
the required anti-periplanar conformation, so the reaction 
will be stereoselective. That is, we expect both cis and 
trans isomers, with a preference for the more stable trans 
isomer. 


. 
oa Z 


major minor 


(b) The substrate has two B positions, but only one of 
these positions (highlighted) bears a proton. 


This B position has only one proton, so the reaction will 
be stereospecific. That is, only one particular 
stereoisomeric product will be obtained. To determine 
which product to expect, we must rotate the central C-C 
bond so that the B proton is anti-periplanar to the leaving 
group. We will do so in two stages. First, we rotate the 
central C-C bond in a manner that places the B proton in 
the plane of the page (rather than on a dash): 
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Rotate 


B central bond 


Then, we rotate the central C-C bond again, in a manner 
that places the leaving group (Br) in the plane of the 


page: 
Rotate 
CH; H central bond CH (Bp 
Mn) Br “MN 


In this conformation, the proton and the leaving group 
are anti-periplanar. To draw the product, use the wedges 
and dashes as guides. In this case, the tert-butyl group 
and the phenyl group are both on dashes, so they will be 
cis to each other in the product: 


(c) The substrate has two f positions, but only one of 
these positions (highlighted) bears a proton. 


This B position has only one proton, so the reaction will 
be stereospecific. That is, only one particular 
stereoisomeric product will be obtained. To determine 
which product to expect, we can rotate the central C-C 
bond so as to place the B proton and the leaving group in 
the plane of the page. But in this case, that is not 
necessary, because the B proton and the leaving group 
are already anti-periplanar to one another in the given 
drawing (one is on a wedge and the other is on a dash): 


HC (H 


In such a case, it is relatively easy to draw the product, 
because the carbon skeleton is simply redrawn without 
the B proton and without the leaving group (with a 
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double bond instead). Note that a double bond has 
planar geometry, so the methyl group is on a straight line 
(not a dash) in the product: 


Base 
eS 


HCH ČH; 


(d) The substrate has two B positions, but only one of 
these positions (highlighted) bears a proton. 


This B position has only one proton, so the reaction will 
be stereospecific. That is, only one particular 
stereoisomeric product will be obtained. To determine 
which product to expect, we will use the same method 
employed in the solution to part (c). In this case, the 
B proton and the leaving group are already anti- 
periplanar to one another in the given drawing (one is on 
a wedge and the other is on a dash). 


In such a case, the carbon skeleton is simply redrawn 
without the B proton and without the leaving group (with 
a double bond instead). Note that a double bond has 
planar geometry, so the methyl group is on a straight line 
(not a dash) in the product: 


a 
CH3 


(e) The substrate has two p positions, but only one of 
these positions (highlighted) bears a proton. 


Cl 


This B position has only one proton, so the reaction will 
be stereospecific. That is, only one particular 
stereoisomeric product will be obtained. To determine 
which product to expect, we will use the same method 
employed in the solution to part (d). In this case, the 
B proton and the leaving group are already anti- 


periplanar to one another in the given drawing (one is on 
a dash and the other is on a wedge). 


In such a case, the carbon skeleton is simply redrawn 
without the B proton and without the leaving group (with 
a double bond instead). Note that a double bond has 
planar geometry, so the methyl group is on a straight line 
(not a wedge) in the product: 


CI 


(f) The substrate has two p positions, but only one of 
these positions (highlighted) bears a proton. 


This B position has only one proton, so the reaction will 
be stereospecific. That is, only one particular 
stereoisomeric product will be obtained. To determine 
which product to expect, we must rotate the central C-C 
bond so that the B proton is anti-periplanar to the leaving 
group. We will do so in two stages. First, we rotate the 
central C-C bond in a manner that places the B proton in 
the plane of the page (rather than on a dash): 


el CH3 Cl 
~~ Rotate Ms N 
H central bond H 
— 


Then, we rotate the central C-C bond again, in a manner 
that places the leaving group (CI) in the plane of the 


page: 


CH3 e CHs (CI 
AUS] 8 Rotate P Lio EY d 
H central bond H H 


In this conformation, the proton and the leaving group 
are anti-periplanar. To draw the product, use the wedges 
and dashes as guides. In this case, the ethyl group and 
the phenyl group are both on dashes, so they will be cis 
to each other in the product: 


CH; Ql H3C H 


PA c Base 
H H 


(g) The substrate has two B positions, but only one of 
these positions (highlighted) bears protons. 


This B position has two protons, and both can achieve 
the required anti-periplanar conformation, so the reaction 
will be stereoselective. That is, we expect both cis and 
trans isomers, with a preference for the more stable trans 
isomer. 


Ane SC 
+ 
major minor 


(h) The substrate has two p positions, but only one of 
these positions (highlighted) bears protons. 


This B position has two protons, and both can achieve 
the required anti-periplanar conformation, so the reaction 
will be stereoselective. That is, we expect both cis and 
trans isomers, with a preference for the more stable trans 
isomer. 


dd SCO 
+ 
major minor 
7.16. Since the two alkyl bromides are identical with 
the exception of the configuration at CÓ, the 
stereospecificity of the reaction will dictate the 
configuration (E or Z) of the newly formed C=C unit in 
each case. Let’s begin with compound 1, which can be 
easily drawn because the f proton and the leaving group 


are already anti-periplanar to one another (one is on a 
dash and the other is on a wedge): 


Ha, CH3 
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In such a case, the carbon skeleton is simply redrawn 
without the B proton and without the leaving group (with 
a double bond instead). Note that a double bond has 
planar geometry, so the methyl group is on a straight line 
(not a dash) in the product: 


Tuus OO 
exl ok 


(E} Compound 1 


CH3 


In this case, the Æ product predominates. Since 
compound 1 has the E configuration for the double bond 
between C6 and C7, compound 2 must have the Z 
configuration for that double bond: 


Compound 2 


Compound 1 is expected to be more stable than 
compound 2, because the steric strain in the Z alkene (2) 
causes it to be higher in energy than the £ alkene (1). 


7.17. In the structure of menthyl chloride (shown 
below), the leaving group (CI) is on a dash. Therefore, 
we are looking for a p proton that is on a wedge, in order 
that it should be anti-periplanar with the leaving group. 
In this case, there is only one B proton on a wedge 
(highlighted below). Therefore, only one elimination 
product is observed: 


This proton is cis to the leaving group, 
so it cannot achieve anti-periplanarity 
with the leaving group 


y 


"Cl we 


vv ` 
E 
H H 


menthyl chloride 
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In contrast, the leaving group in neomenthyl chloride is 
anti-periplanar with two different f protons 
(highlighted), giving rise to two possible products: 


S 


yw 


D 


H 


neomenthyl chloride 


yw 


7.18. Because of the bulky tert-butyl group, the first 
compound is essentially locked in a chair conformation 
in which the leaving group (CI) occupies an equatorial 
position. 


This conformation cannot undergo an E2 reaction 
because the leaving group is not anti-periplanar with a f 
proton (in order to achieve anti-periplanarity, the H and 
Cl must be trans diaxial. However, the second 
compound is locked in a chair conformation in which the 
leaving group (CI) occupies an axial position: 


CI 
ES 2 34 
= 1 
I 
CI 


This conformation rapidly undergoes an E2 reaction, 
because it has anti-periplanar f protons readily available. 
Therefore, the second compound is expected to be more 
reactive towards an E2 process than the first compound. 


7.19. 

(a) We must determine both the regiochemical outcome 
and the stereochemical outcome. Let's begin with 
regiochemistry. There are two ß positions in this case, 
so there are two possible regiochemical outcomes. 


The base (ethoxide) is not sterically hindered, so we 
expect the major product will be the more-substituted 
alkene (the Zaitsev product), while the minor product 
will be the less-substituted alkene. Next, we must 
identify the stereochemistry of formation of each of the 
products. Let's begin with the minor product (the less- 


substituted alkene), because its double bond does not 
exhibit stereoisomerism: 


minor product 


As shown, there are two hydrogen atoms (highlighted) 
connected to one of the vinylic positions, so this alkene 
is neither E nor Z. Now let's turn our attention to the 
major product of the reaction (the more-substituted 
alkene). To determine which stereoisomer is obtained, 
we must first redraw the starting material in a way that 
shows the B proton and the leaving group in an anti- 
periplanar arrangement: 


Rotate 


eHs central bond 


syn-periplanar 


anti-periplanar 


When drawn in an anti-periplanar conformation (with 
the proton on a wedge and the leaving group on a dash), 
the product can be easily drawn by redrawing the 
skeleton, with a double bond taking the place of the p 
proton and the leaving group: 


CH3 


Notice that the isopropyl group is drawn on a straight 
line (double bonds have planar geometry). 
In summary, we expect the following two products: 


major minor 

(b) For substituted cyclohexanes, an E2 reaction will 
occur if the leaving group and the f proton can achieve 
antiperiplanarity. In order to achieve this, one must be 
on a wedge and the other must be on a dash. The leaving 
group (Br ) is on a wedge. Therefore, we are looking for 
a p proton that is on a dash. In this case, there are two 
different B protons on a dash (highlighted below), giving 
rise to two possible products. Since the base (ethoxide) 
is not sterically hindered, we expect the more-substituted 
alkene (the Zaitsev product) to be the major product: 


major minor 

(c) For substituted cyclohexanes, an E2 reaction will 
occur if the leaving group and the B proton can achieve 
anti-periplanarity. In order to achieve this, one must be 
on a wedge and the other must be on a dash. The leaving 
group (Br ) is on a wedge. Therefore, we are looking for 
a p proton that is on a dash. In this case, there is only 
one p proton on a dash (highlighted below), giving rise 
to only one possible product: 


Br 
pa E 
"fu NaOEt 


only E2 product 


(d) We must determine both the regiochemical outcome 
and the stereochemical outcome. Let's begin with 
regiochemistry. This compound has three B positions, 
but two of them (highlighted) are identical because 
deprotonation at either of these locations will result in 
the same alkene: 

B 


Cg | 
As such, we expect two possible regiochemical 
outcomes. Since the base (ethoxide) is not sterically 


hindered, we expect the more-substituted alkene (the 
Zaitsev product) as the major product. 


I 


NaOEt 
CY: CY 
major minor 


Stereochemisty is not a consideration for either product. 
The minor product is not stereoisomeric, and the major 
product cannot exist as an E isomer (because the ring 
makes that impossible). 
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(e) For substituted cyclohexanes, an E2 reaction will 
occur if the leaving group and the f) proton can achieve 
antiperiplanarity. In order to achieve this, one must be 
on a wedge and the other must be on a dash. The leaving 
group (Br ) is on a wedge. Therefore, we are looking for 
a p proton that is on a dash. In this case, there are two 
different B protons on a dash (highlighted below), giving 
rise to two products. Since the base (fert-butoxide) is 
sterically hindered, we expect the less-substituted alkene 
(the Hofmann product) to be the major product: 


major minor 

(f) For substituted cyclohexanes, an E2 reaction will 
occur if the leaving group and the f) proton can achieve 
anti-periplanarity. In order to achieve this, one must be 
on a wedge and the other must be on a dash. The leaving 
group (Br ) is on a wedge. Therefore, we are looking for 
a p proton that is on a dash. In this case, there is only 
one p proton on a dash (highlighted below), giving rise 


to only one possible product: 


only E2 product 


7.20. Bromide is the best (and only) leaving group in 
compound 1, so the carbon atom connected to Br is (by 
definition) the a carbon. There are two B carbons, but 
only one of these positions (highlighted) has protons. 


The base (tert-butoxide) is sterically hindered; however, 
there is only one regioisomer possible in this reaction 
because there is only one p carbon with protons. In this 
case, tert-butoxide was probably chosen as the base 
(rather than hydroxide, methoxide or some other 
unhindered base) to favor an E2 reaction over an Sn2 
reaction. As we will discover in Section 7.11, 
substitution and elimination reactions often compete with 
each other, especially when the substrate is secondary. 


212 CHAPTER 7 


Since there are two protons on the f position, we might (e) In this case, the carbocation is allylic, so the positive 
predict that this reaction would be stereoselective, charge is delocalized by resonance: 

favoring the trans isomer. However, trans double bonds 

are not stable in rings with fewer than eight carbons. 


Thus, we expect formation of only the cis double bond r Je © 
due to the geometric constraints of the seven-membered ——- 
ring. 


(f) In this case, the carbocation is benzylic (next to a 
benzene ring), so the positive charge is delocalized by 
resonance involving all three x bonds in the aromatic 
ring: 


Note that in the mechanism shown above, we remove the 
beta proton on a wedge (rather than the proton on a 
dash), because the leaving group is on a dash. This way, 


the proton and the leaving group are anti-periplanar. 


7.21. Ionization of an alkyl halide corresponds to the 
loss of a halide leaving group to form a carbocation. In 
each case, the bond between the a position and the 


leaving group is broken, and the carbon atom obtains a 


positive charge. Resonance structures are drawn where 
applicable: a 
(g) E 


2 a (h) In this case, the carbocation is doubly allylic, so the 
(b) 


positive charge is delocalized by resonance involving 


(a) both x bonds: 


© (d) > t 


7.22. Notice that the OH group is replaced with a nucleophile. In order for the nucleophile to attack that position, 
there must have been a carbocation in that position: 


© CH3 


N (0) 


Bel 


Later in this chapter, we will explore how this carbocation is formed. Specifically, we will see that the OH group can 
be protonated in the presence of concentrated acid, giving an excellent leaving group. Then, loss of the leaving group 
(H20) gives the carbocation intermediate: 
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CH CH 
4, CH Aaa $9 —-HO CH3 
O ———- Corn — © 
N N^ No N 


a - i 


Benzylic carbocation 


This carbocation is benzylic (next to a benzene ring), so it has extensive resonance stabilization, as shown here: 


© 
() ,CHs CHs ð CHs 
9 <=> eS <=> S 
N [e N [e No ^O 


€ 


Note that the following resonance structure is not significant because the electronegative oxygen atom (highlighted) 


does not have an octet of electrons: 
© CH3 / 


CH3 
| 
N [6] N O: |< lacks 

E J UO an octet 
Ph Ph 


NOT a significant 
resonance structure 


7.23. 

(a) The first compound is expected to undergo solvolysis more rapidly because it will proceed via a tertiary benzylic 
carbocation (stabilized by resonance with the adjacent benzene ring). In contrast, solvolysis of the second compound 
will proceed via a tertiary carbocation, which is not resonance-stabilized. 


CY on 
Tertiary benzylic Tertiary 


(b) The first compound is a primary alkyl halide and is therefore not expected to undergo solvolysis at an appreciable 
rate (because it would proceed via an unstable primary carbocation). In contrast, the second compound is an allylic 
bromide. Solvolysis of an allylic bromide will proceed via an allylic carbocation, which is resonance-stabilized. 


I gs. 


Allylic (resonance-stabilized) 


(c) Both compounds have the same carbon skeleton, and therefore give the same allylic, resonance-stabilized 
carbocation (during solvolysis). Nevertheless, the second compound is expected to undergo solvolysis more rapidly, 
because it has a better leaving group. Bromide is a better leaving group than chloride because bromide is a larger, more 
stable anion (making it a weaker base). 
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7.24. We expect Snl and El processes to occur. The Sn1 process gives the following product: 


H 

7 " 
PD. S :—6Hs 
e -B® © HO —CHs CY^ HO —CHs CY^ 


Resonance- Product 
stabilized 


And the E1 process gives the following product: 


Cu a 
Br = B® © HO CH; 


In summary, solvolysis in methanol should give the following products: 


Br OCH, 
CH30H 
—————- * 
heat 


Syn1 product E1 product 


Product 


7.25. In each case, the leaving group X is lost in the reaction, so the bond between a carbon atom and the leaving group 
is broken, and a carbocation intermediate is formed. The rate of any Snl reaction is dependent on this step of the 
reaction. More stable carbocations are formed faster because the transition state that leads to them is lower in energy. 
Ionization of either compound 1 or 3 will result in a tertiary carbocation. Notice, however, that the carbocation that is 
formed from compound 1 is tertiary AND benzylic (adjacent to a benzene ring). Because compound 1 produces a 
resonance-stabilized carbocation (shown below), compound 1 should undergo a faster Sn1 reaction. 


HC X CHs CHs CH3 CH3 
2 Ly NE Q 
E erp On OO oO 
H3C H3C H3C H3C H3C 
HC OOH HAC OOH HAC OOH HaC OOH HAC OOH 


7.26. 

(a) Solvolysis is expected to afford both Sn1 and E1 products. In the Snl product, a substitution has taken place, and 
the nucleophile, an ethoxy (OEt) group has replaced the bromide leaving group. The E1 reaction eliminates the leaving 
group and an adjacent proton (- HBr), to give an alkene product. There are two El products (two regiochemical 
outcomes), although the disubstituted alkene is expected to be a minor product. 


POE m UNE 
heat ENS 
Sy1 product — 


E1 products 


(b) Solvolysis is expected to afford both Sn1 and E1 products. In the Snl product, a substitution has taken place, and 
the nucleophile, a hydroxy (OH) group has replaced the chloride leaving group. The E1 reaction eliminates the leaving 
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group and an adjacent proton (— HCl), to give an alkene product. There are two El products (two regiochemical 
outcomes), although the disubstituted alkene is expected to be a minor product. 


Sn1 product 


E1 et 


(c) Solvolysis is expected to afford both Su1 and E1 products. In the Snl product, a substitution has taken place, and 
the nucleophile, a methoxy (OMe) group has replaced the bromide leaving group. The El reaction eliminates the 
leaving group and an adjacent proton (— HBr), to give an alkene product. In this case, there is only one El product 
(there is only one possible regiochemical outcome), although the disubstituted alkene is expected to be a minor product. 


Br 
M . MeOH, H 
^ head ^ 


» c E1 UU 


(d) Solvolysis is expected to afford both Snl and E1 products. In the Snl product, a substitution has taken place, and 
the nucleophile, a methoxy (OMe) group has replaced the chloride leaving group. In this case, the a position is a chiral 
center, so we expect a pair of enantiomers (with a small preference for the inverted product, as a result of ion pairs). 
Both Snl products are shown below. The El reaction eliminates the leaving group and an adjacent proton (— HCl), to 
give an alkene product. There are three E1 products in this case, shown below as well. 


E1 products 


Su1 products 


7.27. 

(a) This is a solvolysis reaction involving a weak nucleophile, so the substitution products arise from an Snl 
mechanism. To draw the Snl product, we replace the bromide leaving group with the nucleophile, an ethoxy (OEt) 
group. In this case, the a position is a chiral center, so we expect a pair of enantiomers: 


= 3 t 3 
heat NP ee 


Sn products (enantiomers) 


(b) The inverted product is expected to predominate slightly, as a result of ion pairs. 


(c) This is a solvolysis reaction involving a weak base, so the elimination products arise from an E1 mechanism. To 
draw the El products, we remove the leaving group and an adjacent proton (— HBr), to give an alkene product. There 
are three B positions bearing protons, so there are three regiochemical possibilities for an E1 process. Let's explore 
each of the three possibilities. One regiochemical possibility is to form the double bond in the location highlighted 
below, which leads to two diastereomeric alkenes. 
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Seo eee i AN 
v (E) (Z) E 
E 


Diastereomers 


Another regiochemical possibility is to form the double bond in the location highlighted below, which also leads to two 


diastereomeric alkenes. 


Br ere 
een RS us i EN 
(E) 


(Z) 


— 


Diastereomers 


Finally, the third regiochemical possibility leads to a disubstituted alkene, which is not stereoisomeric: 


Wy 


Br 
NE ee 


In total, there are five alkene products, all shown above. 


AY 


(d) For each regiochemical possibility (shown above), the alkene with fewer or weaker steric interactions is favored. 
In each of these cases, the E isomer has weaker steric interactions, and is therefore the more stable, favored isomer. 


7.28. 

(a) The reagent is chloride, which functions as a 
nucleophile, so we expect a substitution reaction. The 
substrate is secondary, indicating an SN2 process. As 
such, we expect inversion of configuration, as shown: 


Br 


—————- 


(b) The reagent is hydroxide, which is both a strong base 
(E2) and a strong nucleophile (SN2). The substrate is 
tertiary, which is too hindered for back-side attack, so we 
expect an E2 process to predominate. There are three f 
positions, but two of them are identical, so there are two 
possible regiochemical outcomes. The base is not 
sterically hindered so the more-substituted alkene (the 
Zaitsev product) is the major product, as shown. The 
products are not stereoisomeric, so stereochemistry is not 
a consideration. 


Br NaOH 
= P + 


major minor 
(more substituted) (less substituted) 


“O 


(c) The reagent is tert-butoxide, which is a strong, 
sterically hindered base. The substrate is tertiary, so we 
expect an E2 process. There are three f) positions, but 
two of them are identical, so there are two possible 
regiochemical outcomes. Since the base is sterically 
hindered, we expect that the less-substituted alkene (the 
Hofmann product) will be the major product, as shown. 
The products are not stereoisomeric, so stereochemistry 
is not a consideration. 


t-BuOK 
———— 


major minor 
(less substituted) (more substituted) 


(d) The reagent is DBN, which is a strong base (not a 
nucleophile). The substrate is tertiary, so we expect an 
E2 process. There are two B positions bearing protons, 
and both of these positions are identical, so there is only 
one possible regiochemical outcome. The product is not 
stereoisomeric, so stereochemistry is not a consideration. 


Br 
iy DBN cy 
————- 


(e) The reagent is DBU, which is a strong base (not a 
nucleophile). Treating a primary alkyl halide with DBU 
will give E2 as the exclusive pathway. The product is 
not stereoisomeric, so stereochemistry is not a 
consideration. 


DBU 
Ue ON, E AN7 


(f) The reagent is HS’, which is a strong nucleophile 
and a weak base. The substrate is primary, so we expect 
an Sn2 process. There is no inversion of configuration in 
this case, because there is no chiral center: 


S 
Ps SEES. ZAG 
(g) The reagent is hydroxide, which is both a strong base 
(E2) and a strong nucleophile (SN2). The substrate is 
primary, so we expect the major product to result from 
an Sn2 process, and the minor product to result from an 
E2 process, as shown: 


oon 
OH 
NaOH 


major 


In this case, there are no stereochemical considerations 
for either product. There is no observed inversion of 
configuration in the Sn2 product, because there is no 
chiral center, and the alkene product is not 
stereoisomeric. 


(h) The reagent is ethoxide, which is both a strong base 
(E2) and a strong nucleophile (SN2). The substrate is 
primary, so we expect the major product to result from 
an Sn2 process, and the minor product to result from an 
E2 process, as shown: 


on Br 
NaOEt S 
+ 


major minor 

In this case, there are no stereochemical considerations 
for either product. There is no observed inversion of 
configuration in the Sn2 product, because there is no 
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chiral center, and the  alkene 


stereoisomeric. 


product is not 


(i) The reagent is ethanol, which is both a weak base and 
a weak nucleophile. The substrate is tertiary, so we 
expect El and Snl processes. One of the alkene 
products is trisubstituted, so we expect El to 
predominate over Snl. For the El pathway, two 
regiochemical outcomes are possible. The more- 
substituted alkene (the Zaitsev product) is the major 
product, while the minor products are the less-substituted 
alkene and the Sn1 product, shown below: 


I 
pud Een PN 
— Z 
heat S 
major 
OEt 
E "T $ PT 
minor minor 


(j) The reagent is hydroxide, which is both a strong base 
(E2) and a strong nucleophile (SN2). The substrate is 
secondary so we expect both E2 and Sn2 processes, 
although E2 will be responsible for the major product. 
Because the base is not sterically hindered, the major 
product is the more substituted alkene (the Zaitsev 
product), with the (rans configuration (because the 
reaction is stereoselective, favoring the more stable trans 
isomer over the cis isomer). The minor products include 
the cis isomer, the less-substituted alkene, and the Sn2 
product (with the expected inversion of configuration): 


NaOH 
Su BEN 


minor minor 


(k) The reagent is methoxide, which is both a strong 
base (E2) and a strong nucleophile (SN2). The substrate 
is secondary so we expect both E2 and Sn2 processes, 
although E2 will be responsible for the major product. 
Because the base is not sterically hindered, the major 
product is the more substituted alkene (the Zaitsev 
product), with the (rans configuration (because the 
reaction is stereoselective, favoring the more stable trans 
isomer over the cis isomer). The minor products include 
the cis isomer, the less-substituted alkene, and the Sn2 
product (with the expected inversion of configuration): 
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NaOMe 
ES x 
major 


on OMe 
o8 


minor minor 


(I) The reagent is methoxide, which is both a strong base 
(E2) and a strong nucleophile (SN2). The substrate is 
secondary so we expect both E2 and Sn2 processes, 
although E2 will be responsible for the major product. 
Let's begin by drawing the major product, and then we 
will move on to the minor products. 

To draw the major product (E2), we note that there are 
two B positions in this case, so there are two possible 
regiochemical outcomes. 


Br 


The base is not sterically hindered, so the Zaitsev 
product (the more substituted alkene) is expected to be 
the major product. To determine which stereoisomer is 
obtained, we must first redraw the starting material in a 
way that shows the B proton and the leaving group in an 
anti-periplanar arrangement: 


H| CH3 
z Rotate 
Br central bond 
—————— H3Cy,, 
CH3 7 Br 
CH3 


H and Br are anti-periplanar 


When drawn in an anti-periplanar conformation, we can 
use the dashes and wedges as guides to draw the correct 
stereoisomer (methyl groups are trans to each other in 
the product): 


NaOMe 
—————— 
H3Cy, 
5 Br CH3 
H HaC 
CH3 


Now let’s consider the minor products. We noted before 
that there are two possible regiochemical outcomes for 


an E2 process. The Hofmann product (the less 
substituted alkene) will be a minor product: 


minor 


Another minor product is obtained via an Sn2 process 
(with inversion of configuration), as shown: 


OMe 
NaOMe 


Br 
———- 
Su2 


In summary, we expect the following products: 


Br 


major 


minor 


OMe 


minor 


minor 


(m) The reagent is hydroxide, which is both a strong 
base (E2) and a strong nucleophile (SN2). The substrate 
is secondary so we expect both E2 and Sn2 processes, 
although E2 will be responsible for the major product. 
For substituted cyclohexanes, an E2 reaction occurs via a 
conformation in which the leaving group and the p 
proton are anti-periplanar to one another (one must be on 
a wedge and the other must be on a dash). The leaving 
group (Br ) is on a wedge. Therefore, we are looking for 
a B proton that is on a dash. In this case, there is only 
one B proton that is on a dash (highlighted below), 
giving rise to only one elimination product, as shown: 


Br 
NaOH 
——— 
pun “nN 


major 


HH 


The minor product is generated via an Sn2 pathway 
(with inversion of configuration, as expected): 


OH 
NaOH E g 
———— + 
"n "n 


major 


Br 
| n 


(n) The reagent is ethoxide, which is both a strong base 
(E2) and a strong nucleophile (SN2). The substrate is 
secondary so we expect both E2 and Sn2 processes, 
although E2 will be responsible for the major product. 
For substituted cyclohexanes, an E2 reaction occurs via a 
conformation in which the leaving group and the p 
proton are anti-periplanar to one another (one must be on 
a wedge and the other must be on a dash). The leaving 
group (Br ) is on a wedge. Therefore, we are looking for 
a B proton that is on a dash. In this case, there are two 
such protons (highlighted below), giving rise to two 
elimination products, as shown. The major product is 
the more-substituted alkene (we expect the Zaitsev 
product, because the base is not sterically hindered), 
while the minor products include the less-substituted 
alkene and the Sn2 product (with the expected inversion 
of configuration): 


minor 


NaOEt CX 
major 
.OEt 
+ CX. * ad 
minor minor 


7.29. There are only two constitutional isomers with the 
molecular formula C3H;CI: 


Cl 
Fae, Des 
a primary a secondary 
alkyl halide alkyl halide 


Sodium methoxide is both a strong nucleophile (SN2) 
and a strong base (E2). When compound A is treated 
with sodium  methoxide, a substitution reaction 
predominates. Therefore, compound A must be the 
primary alkyl chloride above. When compound B is 
treated with sodium methoxide, an elimination reaction 


predominates. Therefore, compound B must be the 
secondary alkyl chloride: 
Cl 
Pap 
Compound A Compound B 
7.30. 


(a) There are four constitutional isomers with the 
molecular formula C4H9Cl, shown below. Only one of 
them affords the desired product when treated with 
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methoxide, so the compound highlighted below must be 
compound A: 


CI 


M 


(b) We saw in the solution to part (a) that there are four 
constitutional isomers with the molecular formula 
C4HsCl. Let's consider the major product that is 
expected when each of these isomers is treated with 
methoxide. The primary alkyl halides are expected to 
undergo substitution to form the major product (Sn2), 
while E2 elimination is expected to predominate for the 
secondary and tertiary halides. Notice that only one of 
these cases produces a disubstituted alkene that is 
different from trans-2-butene: 


Pu 


NaOMe 
Cl. LA — MeO. ~~ 


NaOMe 
POLY 


NaOMe 
cl ——- OMe 


P NaOMe 


———»- 
Therefore, the following structure must be compound B: 


Y 


7.31. The starting alkyl halide must have the same 
carbon skeleton as the product (2,3-dimethyl-2-butene), 
and there are only two such isomers with the molecular 


formula C6H13C1. 
| | CI 
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Only one of these isomers (the one with a tertiary leaving 
group) undergoes an E2 elimination upon treatment with 
sodium ethoxide (a strong base) to give the desired major 
product: 


bx un a 


2,3-dimethyl-2-butene 


7.32. 

(a) The reagent is ethoxide, which is both a strong base 
(E2) and a strong nucleophile (SN2). The substrate is 
secondary so we expect both E2 and Sn2 processes, 
although E2 will be responsible for the major product. 
There is only one regiochemical outcome for the E2 
process, so only one alkene is formed. There is also only 
one product from the Sn2 process: 


OTs OEt 
bd NaOEt Q O 
——— + 


Major Minor 


In this case, there are no stereochemical considerations 
for either product. There is no observed inversion of 
configuration in the Sn2 product, because there is no 
chiral center, and the alkene product is not 
stereoisomeric (only the cis alkene is possible in a six- 
membered ring). 


(b) The reagent is hydroxide, which is both a strong 
base (E2) and a strong nucleophile (Sn2). The substrate 
is secondary so we expect both E2 and Sn2 processes, 
although the E2 process will be responsible for the major 
product. There are two regiochemical outcomes for the 
E2 process. One of these outcomes leads to a 
disubstituted alkene, which is stereoisomeric. Both 
stereoisomers are expected, although the more stable 
trans isomer will be favored over the cis isomer because 
the reaction is stereoselective. Indeed, the trans isomer 
is the major product (the Zaitsev product), because the 
base is not sterically hindered (a sterically hindered base 
would have favored the monosubstituted alkene). There 
is also one minor product that is formed via an Sn2 
process (with the expected inversion of configuration): 


OTs 
puc mor 
wA SS Lf + €— 
major minor 
OH 
+ + R 
ZS AN 
minor minor 


(c) The reagent (HS) is a strong nucleophile (not a 
strong base), and the substrate is secondary, so we expect 
an Sn2 process. There is no observed inversion of 
configuration, because there is no chiral center. 


OTs SH 
ET NaSH CY 
— 


(d) The reagent is DBU, which is a strong base (not a 
nucleophile), so we expect an E2 process (no Sn2). For 
substituted cyclohexanes, an E2 reaction occurs via a 
conformation in which the leaving group and the p 
proton are anti-periplanar to one another (one must be on 
a wedge and the other must be on a dash). The leaving 
group (OTs) is on a wedge. Therefore, we are looking 
for a p proton that is on a dash. In this case, there is only 
one B proton that is on a dash (highlighted below), 
giving rise to only one possible elimination product, as 
shown: 


(e) In the first step, the alcohol is converted into a 
tosylate. Note that there is no change in configuration at 
the chiral center, because it is not involved in the 
formation of the tosylate (the C—O bond is not broken): 


o o 
H tect P9, 
STOP 
py 


This tosylate is a secondary substrate. When treated with 
a strong base, we expect E2 to be favored. The base 
(tert-butoxide) is sterically hindered, so the Hofmann 
product will be favored (the less-substituted alkene is the 
major product). The Zaitsev product is expected to be a 
minor product: 


TsO 
2 é t-BuOK : : 
——— f * 


Major Minor 

In general, when a secondary substrate is treated with a 
reagent that is both a strong base and a strong 
nucleophile, we would expect a minor product from an 
Sn2 process. However, in this case, the nucleophile 
(tert-butoxide) is sterically hindered, so we would expect 
there to be very little, if any, substitution product formed. 


(f) In the first step, the alcohol is converted into a 
tosylate: 
TsCl 
[NANA - NNA 
OH py OTs 


In the next step, the tosylate (a primary substrate) is 
treated with ethoxide, which is both a strong base (E2) 
and a strong nucleophile (Sn2). Since the substrate is 
primary, Sn2 is expected to predominate, giving the 
major product, shown below. An E2 process is 
responsible for the minor product, which is an alkene: 


Minor 


In this case, there are no stereochemical considerations 
for either product. There is no observed inversion of 
configuration in the Sn2 product, because there is no 


chiral center, and the alkene product is not 
stereoisomeric. 
7.33. 


(a) The reagent HBr is both a strong acid (can protonate 
the alcohol to make a good leaving group) and a source 
of bromide (a nucleophile). Therefore, we expect a 
substitution reaction to take place. A tertiary alcohol 
will react with HBr to give the corresponding tertiary 
alkyl bromide via an Sn1 process: 


OH Br 


HBr 


(b) Concentrated sulfuric acid is a strong acid that can 
protonate the alcohol to make a good leaving group. In 
the conjugate base of sulfuric acid, the negative charge is 
highly stabilized by resonance, so the conjugate base is 
not a nucleophilic species. In the absence of a 
nucleophile, we expect an elimination reaction to take 
place (El process) A tertiary alcohol undergoes a 
dehydration reaction upon treatment with concentrated 
sulfuric acid, and is converted into an alkene. The more 
substituted alkene (the Zaitsev product) is favored: 


OH 


conc. H5SO4 
— y 
heat 


7.34. 

(a) The starting alcohol is tertiary, so we expect the 
reaction to proceed via an Snl process (rather than Sn2). 
The first step of the process is protonation of the OH 
group, thereby converting a bad leaving group into an 
excellent leaving group. Loss of the leaving group gives 
a carbocation, which is then attacked by the bromide 
nucleophile to give the product: 
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A 


(b) Upon treatment with concentrated sulfuric acid, a 
tertiary alcohol undergoes dehydration. The alcohol is 
converted into an alkene via an El process. The OH 
group is first protonated, thereby converting a bad 
leaving group into an excellent leaving group. Loss of 
the leaving group gives a carbocation, which is then 
deprotonated by a molecule of the solvent to give the 


product: 
CER 


conc. H2504 


— r 
u OH heat 


(c) The OH group is first protonated, thereby converting 
a bad leaving group into an excellent leaving group. 
This substrate is primary, so an Sn2 process is expected 
(rather than Sn1) to give the product. Back-side attack 
by the bromide nucleophile displaces the leaving group: 


(d) The carbon skeleton has rearranged, which indicates 
an El process (the expected mechanism for an alcohol 
dehydration). The OH group is first protonated, thereby 
converting a bad leaving group into an excellent leaving 
group. Loss of the leaving group gives a secondary 
carbocation, which can rearrange via a methyl shift to 
give a tertiary carbocation. The tertiary carbocation is 
then deprotonated by a molecule of water to give the 
product: 
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conc. H2504 


:OH 
Rt———————— P 
P heat 


ES N 
H-—OO o: 
H H 
Ko 
"E EL E ok 


7.35. 
(a) Our retrosynthesis begins with a disconnection at the 
cyano group, at the C-C bond: 


p 


Cyanide (N=C ) is a stable and familiar anion, so we will 
use cyanide as the nucleophile. The other carbon (at the 
disconnected bond) must have started out as an 
electrophile, so we draw a leaving group (such as Cl, Br, 
or I) at that position. 


was an 
Jd 
C=N 
was a 
nucleophile 
What starting 
materials are 
needed? 
Br 
pea + CEN 
Electrophile Nucleophile 


The last step of the planning process is to confirm that 
the reaction mechanism is favorable. Cyanide is a strong 
nucleophile but not a strong base, so the Sn2 pathway 
does not have any significant competition from the E2 
pathway. With a primary substrate, we expect an Sn2 
process to proceed smoothly to give the desired target 
molecule. 

Now we draw the forward process. As shown here, 
bromide was selected as the leaving group and NaCN 
can be used as a source of cyanide anion. Other 
variations are equally acceptable: 


pu" Nacn P 
— 
B CN 


Target molecule 


r 


(b) Our retrosynthesis begins with a disconnection at the 
thiol group, at the C-S bond: 


SH 


oe 


The more electronegative sulfur atom is more likely to 
have served as the nucleophile, so we draw a negative 
charge on the sulfur atom to give a suitable nucleophile 
(the hydrosulfide ion). The carbon atom (at the 
disconnected bond) must have started out as an 
electrophile, so we draw a leaving group (such as Cl, Br, 
or J) at that position. 


was a 

: was an 
nucleophile > SH electrophile 
What starting 
materials are 

needed? 

Br 
AL * sy 

Electrophile Nucleophile 


The last step of the planning process is to confirm that 
the reaction mechanism is favorable. The large 
hydrosulfide anion is a strong nucleophile but not a 
strong base, so the Sn2 pathway does not have any 
significant competition from the E2 pathway. With a 
secondary substrate, we expect an Sn2 process to 
proceed smoothly to give the desired target molecule. 
Now we draw the forward process. As shown here, 
bromide was selected as the leaving group and NaSH can 
be used as a source of hydrosulfide anion. Other 
variations are equally acceptable: 


Br SH 


guea e 


Target molecule 


(c) Our retrosynthesis begins with a disconnection at the 
ether group, at either C—O bond (drawing out the methyl 
group reveals the second potential disconnection): 


TT ee Ta or Hia or A 


Both solutions will be presented, but let’s take a look at 
the retrosynthesis using the first disconnection. The more 
electronegative oxygen atom is more likely to have 
served as the nucleophile, so we draw a negative charge 
on the oxygen atom to give a suitable nucleophile 
(methoxide ion). The carbon atom (at the disconnected 
bond) must have started out as an electrophile, so we 


draw a leaving group (such as Cl, Br, or J) at that 
position. 


was an 
2 electrophile 


MeO 
Sent T4 What starting 
Tucteopnie materials are 
needed? 
Br 
Come + i ow 
Nucleophile Electrophile 


The last step of the planning process is to confirm that 
the reaction mechanism is favorable. The methoxide 
anion is a strong nucleophile and a strong base, so we 
must consider both Sn2 and E2 pathways. In this case, 
we have a primary substrate and a small nucleophile, so 
there is very little steric hindrance and we expect an Sn2 
process to give the desired target molecule as the major 
product. 

Now we draw the forward process. As shown here, 
bromide was selected as the leaving group and NaOMe 
can be used as a source of the methoxide anion. Other 
variations are equally acceptable: 


NaOMe 
———- 


Nc d Mo wee T 


Target molecule 


The other disconnection leads to an equally good Sn2 
process and represents an equally acceptable synthesis. 
Note that we select methyl iodide for the methyl halide, 
because methyl iodide is a liquid at room temperate and 
easier to handle than methyl chloride or methyl bromide, 
which are gases at room temperature): 


MeI 
Mab we N i mo e Re 


Target molecule 


(d) Our retrosynthesis begins with a disconnection at the 
ester group. We must avoid making a disconnection at 
the sp? hybridized carbon atom, as such atoms do not 
participate in Sn2 reactions, leaving the C—O bond the 
only reasonable option: 


O 


Fo 


The electronegative oxygen atom is more likely to have 
served as the nucleophile, so we draw a negative charge 
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on the oxygen atom to give a suitable nucleophile (a 
carboxylate ion). The carbon atom (at the disconnected 
bond) must have started out as an electrophile, so we 
draw a leaving group (such as Cl, Br, or I) at that 


position. 
was an o 
electrophils == 
Aa vy 


was à nucleophile 


What starting 
materials are 
needed? 
O 
Br 
o 
J- we 
Electrophile : 
Nucleophile 


The last step of the planning process is to confirm that 
the reaction mechanism is favorable. The carboxylate 
anion is electron-rich, making it a strong nucleophile. 
However, the negative charge is delocalized (stabilized 
by resonance), making it a relatively weak base (second 
factor in ARIO). Because it is not a strong base, the Sn2 
pathway does not have significant competition from the 
E2 pathway. With a primary substrate, we expect an Sn2 
process to proceed smoothly to give the desired target 
molecule. 

Now we draw the forward process. Notice that bromide 
was selected as the leaving group, and the carboxylate 
ion is shown as a sodium salt. Other variations are 
equally acceptable: 


o o 
NaO ^g <No 


CE 


Target molecule 


(e) Our retrosynthesis begins with a disconnection at the 
alcohol group, at the C—O bond: 


Qowe 


The more electronegative oxygen atom is more likely to 
have served as the nucleophile, so we draw a negative 
charge on the oxygen atom to give a suitable nucleophile 
(hydroxide ion). The carbon atom (at the disconnected 
bond) must have started out as an electrophile, so we 
draw a leaving group (such as Cl, Br, or I) at that 
position. 
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OH 
INN 


was an Ws m 
electrophile uce opns 
What starting 
materials are 
needed? 
òt 
en . (Sou 
Br 
Electrophile Nucleophile 


The last step of the planning process is to confirm that 
the reaction mechanism is favorable. The hydroxide 
anion is a strong nucleophile and a strong base, so we 
must consider both Sn2 and E2 pathways. In this case, 
we have a primary substrate and a small nucleophile, so 
there is very little steric hindrance and we expect an Sn2 
process to give the desired target molecule as the major 
product. 

Now we draw the forward process. As shown here, 
bromide was selected as the leaving group and NaOH 
can be used as a source of the hydroxide anion. Other 
variations are equally acceptable: 


Target molecule 


(f) Our retrosynthesis begins with a disconnection at the 
cyano group, at the C-C bond: 


CN 


nan 


Cyanide (N=C ) is a stable and familiar anion, so we will 
use cyanide as the nucleophile. The other carbon (at the 
disconnected bond) must have started out as an 
electrophile, so we draw a leaving group (such as Cl, Br, 
or I) at that position. To account for the required 
stereochemistry in the product, we must consider the 
mechanism of the proposed reaction. An Sn2 process 
involves back-side attack, resulting in inversion of 
stereochemistry at the carbon atom bearing the leaving 
group. In order to furnish a product with the nucleophile 
positioned on a dash, the leaving group must be placed 
on a wedge: 


wasa on 
nucleophile  z 


S was an 


electrophile 


What starting 
materials are 
needed? 


+ [OCEN 


Electrophile Nucleophile 

The last step of the planning process is to confirm that 
the reaction mechanism is favorable. Cyanide is a strong 
nucleophile but not a strong base, so the Sn2 pathway 
does not have any significant competition from the E2 
pathway. With a secondary substrate, we expect an Sn2 
process to proceed smoothly to give the desired target 
molecule. 

Now we draw the forward process. As shown here, 
bromide was selected as the leaving group and NaCN 
can be used as a source of cyanide anion. Other 
variations are equally acceptable: 


Br 


mel 
zZ 


NaCN 
——— 


Target molecule 


7.36. 

(a) Even though this synthesis problem is presented as a 
transform problem in which a starting material is 
provided, it is still helpful to begin with a retrosynthetic 
analysis of the target molecule. Identifying the portion 
of the target molecule that came from the given starting 
material determines a suitable place to make a 
disconnection (at the new C-S bond): 


present in 


starting material — Se 


The more electronegative sulfur atom is more likely to 
have served as the nucleophile; this is confirmed by the 
presence of the negative charge on the sulfur atom in the 
given starting material (a thiolate ion). The carbon atom 
(at the disconnected bond) must have started out as an 
electrophile, so we draw a leaving group (such as Cl, Br, 
I or OTs) at that position. To account for the required 
stereochemistry in the product, we must consider the 
mechanism of the proposed reaction. An Sn2 process 
involves back-side attack, resulting in inversion of 
stereochemistry at the carbon atom bearing the leaving 


group. In order to furnish a product with the nucleophile 
positioned on a wedge, the leaving group must be placed 


on a dash: 


SAN 


What starting 
materials are 
needed? 


Electrophile Br Nucleophile 

The last step of the planning process is to confirm that 
the reaction mechanism is favorable. The large thiolate 
ion is a strong nucleophile but not a strong base, so the 
Sn2 pathway does not have any significant competition 
from the E2 pathway. With a secondary substrate, we 
expect an Sn2 process to proceed smoothly to give the 
desired target molecule. 

Now we draw the forward process. As shown here, 
bromide was selected as the leaving group, but other 
variations are equally acceptable: 


eo NES cm d 


SR S 


(b) Even though this synthesis problem is presented as a 
transform problem in which a starting material is 
provided, it is still helpful to begin with a retrosynthetic 
analysis of the target molecule. We can consider either 
C-O bond for a disconnection, but because we know 
how to convert OH into a good leaving group (and we 
have not yet learned how to turn the OH into a strong 
nucleophile), the disconnection shown is the better one: 


TRU Qd d 


The more electronegative oxygen atom is more likely to 
have served as the nucleophile, so we draw a negative 
charge on the oxygen atom to give a suitable nucleophile 
(butoxide ion). The carbon atom (at the disconnected 
bond) must have started out as an electrophile, so we 
draw a leaving group (such as Cl, Br, I or OTs) at that 
position: 
wasa 
2 nucleophile 


NANANA 


was an 
electrophile What starting 
materials are 
needed? 
+ © 
à F B. cn 
LG 
Electrophile Nucleophile 
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Because we are starting with an alcohol substrate, it is 
convenient to select the tosylate as a convenient 
substrate. Another option to install a good leaving group 
involves substitution of the OH group with Br, by 
treatment with HBr. 


TsCl 
pyridine 


Po NB 


The last step of the planning process is to confirm that 
the reaction mechanism is favorable. The alkoxide anion 
is a strong nucleophile and a strong base, so we must 
consider both SN2 and E2 pathways. In this case, we 
have a primary substrate and a small nucleophile, so 
there is very little steric hindrance and we expect an Sn2 
process to give the desired target molecule as the major 
product. 

Now we draw the forward process. This transformation 
requires two steps: conversion of the alcohol into a good 
leaving group (tosylate or bromide), followed by reaction 
with n-butoxide: 


PS 


ur E bin 
POP I SS LR 


no 


pyridine ~ OTs 


7.37. Let's begin by exploring the retrosynthesis based 
on disconnection of bond a. This retrosynthesis involves 
a very poor electrophile, because Sn2 reactions generally 
do not occur at sp? hybridized centers: 


a 
AO 
R 
sO N 
Lo AO 


Good nucleophile Not a good electrophile 
for Sy2 reactions 


The better retrosynthesis is based on disconnection of 
bond b, because it involves both a good electrophile and 
a good nucleophile: 
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Br o 
RS i s 75 


Good electrophile for S2 
(primary alkyl halide) 


Good nucleophile 


The Sn2 process portrayed in retrosynthesis b is 
favorable, because it involves a strong nucleophile and a 
primary substrate, so this reaction is expected to give the 
desired target molecule. 


oO 
ON 
C 2 ee, “ee Target 
Gpr molecule 


7.38. 

(a) The x bond in the target molecule can be formed by 
an elimination reaction. In this case, the target molecule 
is a stable alkene, so the potential starting material can 
be either an alkyl halide or an alcohol. To draw these 
starting materials, we delete the C=C double bond, we 
place a H atom on one of the carbon atoms, and we place 
either a Br atom or an OH group on the other carbon 


atom: 


What starting 
materials are 
needed? 


Br OH 
+ strong base + conc. H5SO4 


Next, we must select the appropriate reagents, and also 
confirm that the desired target molecule would be the 
major product formed. When starting with an alkyl 
halide, a strong base must be used for the E2 elimination. 
Because the leaving group is on a secondary carbon, 
elimination is favored over Sn2 substitution. Only one 
elimination product is possible, and using a sterically 
hindered strong base (such as fert-butoxide) would 
further inhibit the Sn2 process. 


Br 


t-BuOK E 
————— 


Keep in mind that any good leaving group can be used 
for the E2 elimination (Cl, Br, I, OTs), and such 
variations are certainly acceptable. Notice that the tert- 
butoxide ion is shown with a potassium counterion, as 
this is the most commonly encountered salt. 

Alternatively, synthesis of the target molecule by 
dehydration of an alcohol starting material can be 
achieved by treating the alcohol with a strong, 
concentrated acid (such as H2SO4) and heat. 


conc. H5SO, 
Pr 
heat 


(b) The x bond in the target molecule can be formed by 
an elimination reaction, so the potential starting material 
can be either an alkyl halide or an alcohol. In this case, 
the target molecule is not a highly substituted alkene, so 
it cannot be synthesized in high yield via acid-catalyzed 
dehydration of an alcohol (such a process would yield a 
more-substituted alkene). The ideal starting material, 
therefore, is an alkyl halide. To draw the alkyl halide, we 
delete the C=C double bond, and we place a H atom on 
one of the carbon atoms and a Br atom on the other 
carbon atom. In this example, the retrosynthesis reveals 
two suitable alkyl halide starting materials for an E2 


elimination: 
pu 


What starting 
materials are 
needed? 


Br 
Be. oe or p EN 


* strong base * strong base 


OH 


Next, we must determine which strong base to use for 
the required E2 elimination, and also confirm that the 
desired target molecule would be the major product 
formed. For the primary alkyl halide, a strong, sterically 
hindered base (such as tert-butoxide) must be used to 
favor E2 elimination over Sn2 substitution. 


H 
wee seu Pe 
Br = 
Z 


EŻ favored over Sy2 with bulky base 


If we selected the secondary alkyl halide as our starting 
material, we clearly have the possibility of forming 
either the Hofmann or Zaitsev product, so fert-butoxide 
would be the appropriate choice of base in this case as 
well, to give the target molecule (the less-substituted 
alkene). 


Br t-BuOK E 
H CE 
Oo 


H 
Hofmann product favored with bulky base (E2) 


Note that removal of a B hydrogen atom from either 
methyl group would lead to the desired target molecule. 
Keep in mind that any good leaving group can be used 
for the E2 elimination (Cl, Br, I, OTs), and such 
variations are certainly acceptable. Notice that the tert- 
butoxide ion is shown with a potassium counterion, as 
this is the most commonly encountered salt. 


(c) The x bond in the target molecule can be formed by 
an elimination reaction, so the potential starting material 
can be either an alkyl halide or an alcohol. In this case, 
the target molecule is not a highly substituted alkene, so 
it cannot be synthesized in high yield via acid-catalyzed 
dehydration of an alcohol (such a process would yield a 
more-substituted alkene). The ideal starting material, 
therefore, is an alkyl halide. To draw the alkyl halide, we 
delete the C=C double bond, and we place a H atom on 
one of the carbon atoms and a Br atom on the other 
carbon atom. In this example, the retrosynthesis reveals 
two suitable alkyl halide starting materials for an E2 


elimination: 
DN N 


What starting 
materials are 
needed? 
Br 
PN Or 
Br 


* strong base + strong base 


Next, we must determine which strong base to use for 
the required E2 elimination, and also confirm that the 
desired target molecule would be the major product 
formed. For both alkyl halides, we have the possibility of 
forming either the Hofmann or Zaitsev product. If we 
select the first alkyl halide as our starting material, the 
more-substituted Zaitsev product is desired, so we must a 
use a strong base that is not sterically hindered, such as 
hydroxide, methoxide or ethoxide. 
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Br 
NaOMe hee. 
z P 


Zaitsev product favored with small base (E2) 


H) (H 


Alternatively, if we start with the other alkyl halide, tert- 
butoxide would be the appropriate choice of base, to give 
the target molecule (the less-substituted Hofmann 
product). 


Hofmann product favored with bulky base (E2} 


Keep in mind that any good leaving group can be used 
for the E2 elimination (Cl, Br, I, OTs), and such 
variations are certainly acceptable. Notice that the tert- 
butoxide ion is shown with a potassium counterion, as 
this is the most commonly encountered salt. 


(d) The x bond in the target molecule can be formed by 
an elimination reaction. In this case, the target molecule 
is a tetrasubstituted alkene, so the potential starting 
material can be either an alkyl halide or an alcohol. To 
draw these starting materials, we delete the C=C double 
bond, we place a H atom on one of the carbon atoms, and 
we place either a Br atom or an OH group on the other 


carbon atom: 


What starting 
materials are 
needed? 


Br OH 
or 


* strong base + conc. H2SO4 


Next, we must select the appropriate reagents, and also 
confirm that the desired target molecule would be the 
major product formed. When starting with an alkyl 
halide, a strong base must be used for the E2 elimination. 
Because the leaving group is on a tertiary carbon, E2 
elimination is guaranteed over Sn2 substitution. The 
more-substituted Zaitsev product is desired, so we must a 
use a strong base that is not sterically hindered, such as 
hydroxide, methoxide or ethoxide: 
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H 
Br 


NaOMe o9 
EET 


Zaitsev product favored with small base (E2) 


H 


Keep in mind that any good leaving group can be used 
for the E2 elimination (Cl, Br, I, OTs), and such 
variations are certainly acceptable. 

Alternatively, synthesis of the target molecule by 
dehydration of an alcohol starting material can be 
achieved by treating the alcohol with a strong, 
concentrated acid (such as H2S04) and heat. 


conc. H»SO4 
——————- 
heat 


(e) The x bond in the target molecule can be formed by 
an elimination reaction, so the potential starting material 
can be either an alkyl halide or an alcohol. In this case, 
the target molecule is not a highly substituted alkene, so 
it cannot be synthesized in high yield via acid-catalyzed 
dehydration of an alcohol (such a process would yield a 
more-substituted alkene). The ideal starting material, 
therefore, is an alkyl halide. To draw the alkyl halide, we 
delete the C=C double bond, and we place a H atom on 
one of the carbon atoms and a Br atom on the other 
carbon atom. In this example, the retrosynthesis reveals 
two suitable alkyl halide starting materials for an E2 
elimination: 


OH 


ao 


What starting 
materials are 
needed? 


Br 


or 


+ strong base + strong base 

Next, we must determine which strong base to use for 
the required E2 elimination, and also confirm that the 
desired target molecule would be the major product 
formed. If we selected the tertiary alkyl halide as our 
starting material, we clearly have the possibility of 
forming either the Hofmann or Zaitsev product, so tert- 
butoxide would be the appropriate choice of base, to give 


the target molecule (the less-substituted alkene). Note 
that removal of a f hydrogen atom from either methyl 
group would lead to the desired target molecule. 


ü Z 


t-BuOK 
— > 


Hofmann product favored with bulky base (E2) 


If we selected the primary alkyl halide as our starting 
material, a strong, sterically hindered base (such as tert- 
butoxide) must be used to favor E2 elimination over Sn2 
substitution. 


Br a 


t-BuOK 
————- 


E2 favored over Sy2 with bulky base 


Keep in mind that any good leaving group can be used 
for the E2 elimination (Cl, Br, I, OTs), and such 
variations are certainly acceptable. Notice that the tert- 
butoxide ion is shown with a potassium counterion, as 
this is the most commonly encountered salt. 


(f) The x bond in the target molecule can be formed by 
an elimination reaction. In this case, the target molecule 
is a highly substituted alkene, so the potential starting 
material can be either an alkyl halide or an alcohol. To 
draw these starting materials, we delete the C=C double 
bond, we place a H atom on one of the carbon atoms, and 
we place either a Br atom or an OH group on the other 
carbon atom: 


What starting 
materials are 
needed? 


Br OH 


* strong base + conc. H2804 


Another option for drawing starting materials places the 
Br atom or OH group on a different carbon, so there are 
four reasonable solutions to this synthesis problem: 


What starting 
materials are 
needed? 


Br OH 


+ strong base + conc. H2SO4 


Next, we must select the appropriate reagents, and also 
confirm that the desired target molecule would be the 
major product formed. When starting with one of the 
alkyl halides, a strong base must be used for the E2 
elimination. Because the leaving group is on either a 
tertiary or secondary carbon, E2 elimination is favored 
over Sn2 substitution. The more-substituted Zaitsev 
product is desired, so we must a use a strong base that is 
not sterically hindered, such as hydroxide, methoxide or 
ethoxide: 


H 


H Br NaOMe 
— 


Zaitsev product favored with small base (E2) 


Keep in mind that any good leaving group can be used 
for the E2 elimination (Cl, Br, I, OTs), and such 
variations are certainly acceptable. 

Alternatively, synthesis of the target molecule by acid- 
catalyzed dehydration of one of the alcohol starting 
materials can be achieved by treating the alcohol with a 
strong, concentrated acid (such as H2SO4) and heat. 


conc. H5SO4 


OH 
OH 
or heat 


a 


Alcohol dehydration favors Zaitsev product (E1) 


7.39. 

(a) This transformation represents an elimination 
reaction (dehydrohalogenation), and a strong base is 
required. The Hofmann product is desired, so a strong, 
sterically hindered base should be used, such as 
potassium fert-butoxide. 


t-BuOK 
H = p 


Br 
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(b) This transformation represents an elimination 
reaction (dehydrohalogenation), and a strong base is 
required. The Zaitsev product is desired, so we must a 
use a strong base that is not sterically hindered, such as 
hydroxide, methoxide or ethoxide. 


H NaOMe p 
NS 


Br 


(c) This transformation represents an elimination 
reaction to give the Zaitsev product (dehydration), and a 
strong, concentrated acid is required, such as sulfuric 
acid. 


OH 
conc. H2504 
——————- 
heat Boxe 
(d) This transformation represents an elimination 


reaction to give the less-substituted, Hofmann product, 
so acid-catalyzed dehydration of the alcohol is not a 
suitable approach (that would afford the  more- 
substituted, Zaitsev product). Instead, a good leaving 
group is required (e.g., Cl, Br, I, OTs) to facilitate an E2 
elimination reaction. 


What starting materials 
are needed? 


p 


Therefore, the synthesis requires a two-step procedure: 
conversion of the OH group into a good leaving group, 
followed by treatment with a strong, sterically hindered 
base, such as potassium fert-butoxide, to generate the 
Hofmann product. Reaction of the alcohol with tosyl 
chloride produces a good leaving group (tosylate). 
Alternatively, the alcohol can be converted to an alkyl 
halide by reaction with HX, (e.g., HBr). 


Br 
d 
OH 


URN OTs 


pyridine 
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Because acidic conditions favor the formation of 
carbocations that can rearrange, the tosylate approach is 
likely to be the better choice for this transformation. 
Reaction of the given alcohol substrate with HBr is 
likely to give a mixture of products, via a combination of 
Sn2 and Sn1 mechanisms, shown below: 


Sy2 Mechanism 


:OH HBr Br 
Su2 
QNO X 
Ox 
OH; 
e 
e + “Br: 
Sy1 Mechanism 
:OH 
HBr 


7.40. Consider the mechanism involved in each possible 
transformation, and for each one, consider whether or not 
the target molecule is expected to be the major (or only) 
product. We begin with the first possibility, which 
employs an alkyl halide as the starting material. It is true 
that alkyl halides can be converted to alkenes upon 
treatment with a strong base (via an E2 process). 
However, in this case, there are two possible 
regiochemical outcomes, so we expect a mixture of two 
alkene products: 


Poor synthesis 
(gives mixture of products) 


In contrast, treating the second halide with a strong base 
is expected to give only one product (the desired target 
molecule): 


NaOEt 
Br. ———»- 
EtOH 
In this case there is only one possible regiochemical 
outcome: 


: 


Therefore, the better synthesis begins with the second 
alkyl halide shown. Any strong base, such as NaOEt, 


can be used: 
— )— Br — ) 


7.41. The x bond in the target molecule can be formed 
by an elimination reaction, so the potential starting 
material can be either an alkyl halide or an alcohol. In 
this case, the reaction used a strong base (DBU) as the 
reagent, indicating an E2 elimination, so the starting 
material must have been an alkyl halide. To draw the 
alkyl halide, we delete the C=C double bond, and we 
place a H atom on one of the carbon atoms and a Br 
atom on the other carbon atom. In this example, the 
retrosynthesis reveals two suitable alkyl halide starting 
materials for an E2 elimination: 


NaOEt 
EtOH 


O O 
4uMe 
CO;Me 


What starting 
materials are 
needed? 


[9] Ò or 
Br 4uMe 
CO;Me 


* strong base Br 


n Me 
CO.Me 


+ strong base 


To determine which is the better substrate, we need to 
confirm that the desired target molecule would be the 
major product formed. The first alkyl bromide has only 
one type of p hydrogen available, and only one 
elimination product is possible (the desired target 
molecule), while the second choice has two types of p 
hydrogens, leading to a mixture of alkenes upon 
treatment with strong base: 


Br "Me H Me 
CO4Me CO4Me 
H Br H 
DBU DBU 
100 °C 100 °C 


One alkene product 
(Target molecule) 


Two alkene products 
(poor synthesis) 


Therefore, the first alkyl halide is the more suitable 
starting material. As usual, any good leaving group can 
be used for the E2 elimination (Cl, Br, I, OTs). 


7.44. 
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7.42. This is a substitution reaction with a strong 
nucleophile (HO) and a primary leaving group, so an 
SN2 process is expected. The second Sn2 reaction 
employs a polar aprotic solvent (DMSO) and is therefore 
expected to occur at a faster rate. 


7.43. This is a substitution reaction with a strong 
nucleophile (X7) and a primary leaving group, so an Sn2 
process is expected. In a polar protic solvent (EtOH), 
iodide is a stronger nucleophile than chloride. With all 
other factors being the same (the alkyl halide is the same 
in both reactions, and the solvent is the same for both 
reactions), the first SN2 reaction is expected to occur at a 
faster rate, because it involves the use of a stronger 
nucleophile. 


(a) Solvolysis is expected to afford both Sn1 and E1 products. The first step of solvolysis is loss of the leaving group 
to give a carbocation. This carbocation can be deprotonated by the solvent to give an alkene product (E1), 


= Bro 


A 


E ia 


A 


E1 Product 


or the solvent can act as a nucleophile and attack the carbocation (Sn1). If the solvent is isopropanol, (CH3)2CHOH, 
then the carbocation can be captured by a molecule of isopropanol, giving an oxonium ion, which is then deprotonated 


to give the substitution product, shown below: 


ies A 
yet BA el 


Syn1 Product 


(b) The rate-determining step in a solvolysis reaction is the formation of the carbocation intermediate. A more polar 
solvent better stabilizes a carbocation, resulting in a faster solvolysis reaction. Therefore the rate of solvolysis is 
dependent on solvent polarity, measured by the dielectric constant of the solvent. A higher dielectric constant 
corresponds with a faster rate of solvolysis. The dielectric constant of ethanol is 24, while the dielectric constant of 
isopropanol is only 18. Therefore, solvolysis is expected to occur more rapidly in ethanol, which is a more polar 


solvent than isopropanol. 


7.45. 

(a) In the first compound, the B positions are deuterated. 
As such, an elimination reaction will involve loss of 
DBr, which occurs at a slower rate than loss of HBr. 
Therefore, the second compound is expected to undergo 
elimination more rapidly. 


(b) In the first compound, the B positions are deuterated. 
In the second compound, the a position is deuterated. 
Since elimination involves removal of H (or D) from the 
p position, the rate of reaction for the first compound 


will be more affected by the presence of deuterium. That 
is, the first compound is expected to undergo elimination 
at a slower rate. Therefore, the second compound is 
expected to undergo elimination more rapidly. 


(c) In the first compound, the B position is deuterated. 
In the second compound, the a position is deuterated. 
Since elimination involves removal of H (or D) from the 
p position, the rate of reaction for the first compound 
will be more affected by the presence of deuterium. That 
is, the first compound is expected to undergo elimination 
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at a slower rate. Therefore, the second compound is 
expected to undergo elimination more rapidly. 


7.46. 

(a) Ethoxide is a strong base, so we expect an E2 
reaction, which involves deprotonation at the B position. 
If all of the B protons are replaced with D (as indicated in 
the problem statement), then the reaction is expected to 
occur at a slower rate, as a result of a primary isotope 
effect. 


(b) In this case, the reagent is ethanol, which is a weak 
base. These conditions favor an El process. In an El 
process, deprotonation of the B position occurs AFTER 
the rate determining step (loss of the leaving group). 
Therefore, we do not expect a primary isotope effect. 


7.47. 

(a) The parent is the longest chain, which is three carbon 
atoms in this case (propane) There is only one 
substituent (chloro), and its locant is assigned as 2 (as 
shown below), so the systematic name for this compound 
is 2-chloropropane. The common name is isopropyl 
chloride. 

3 


J. 
f CI 
2-chloropropane 


(b) The parent is the longest chain, which is three carbon 
atoms in this case (propane). There are two substituents 
(bromo and methyl), and their locants are assigned as 2 
and 2, as shown below. Substituents are alphabetized in 
the name (bromo precedes methyl) so the systematic 
name is 2-bromo-2-methylpropane. The common name 
is tert-butyl bromide. 


X 
1 
2`Br 


2-bromo-2-methylpropane 


(c) The parent is the longest chain, which is three carbon 
atoms in this case (propane). There is only one 
substituent (iodo), and its locant is assigned as 1 (as 
shown), so the systematic name for this compound is 1- 
iodopropane. The common name is n-propyl iodide. 


$i 


1-iodopropane 


(d) The parent is the longest chain, which is four carbon 
atoms in this case (butane). There is only one substituent 
(bromo), and its locant is assigned as 2 (as shown 
below). The compound has a chiral center, so the 
configuration must be indicated at the beginning of the 
name: (R)-2-bromobutane. The common name is (R)- 
sec-butyl bromide. 


2 4 
1 3 


(R)-2-bromobutane 


(e) The parent is the longest chain, which is three carbon 
atoms in this case (propane). There are three substituents 
(chloro, methyl, and methyl) and their locants are 
assigned as 1, 2, and 2, respectively, as shown below. 
Substituents are alphabetized in the name (chloro 
precedes methyl). Make sure that each methyl group 
receives a locant (2,2-dimethyl rather than 2-dimethyl). 
The systematic name is therefore  1-chloro-2,2- 
dimethylpropane. The common name is neopentyl 


chloride. 


1-chloro-2,2-dimethylpropane 


(f) We begin by identifying the parent. The longest 
chain is seven carbon atoms, so the parent is heptane. In 
this case, there are choices for the parent, and we choose 
the path that gives the maximum number of substituents. 
There are four substituents (highlighted). The location 
of each substituent is indicated with the appropriate 
locant, and the substituents are alphabetized in the name 
(note that dimethyl is alphabetized as “m” for methyl, 
not “d’”). 


4-bromo-3,3-dimethyl-4-propylheptane 


7.48. The configuration of each x bond is shown below, 
together with the priorities (highlighted) that were used 
to determine the configuration in each case. 


Add VA 
a No c 
Z 


fA i 


E 


7.49. We begin by drawing all constitutional isomers 
with the molecular formula C4H9Br, shown below. For 
help, see the solution to Problem 2.51. 


mi dia c b > 


(a) The four constitutional isomers are arranged below in 
order of increasing reactivity toward Sn2. Notice that 
the tertiary substrate is the least reactive because it is the 
most hindered. Among the two primary substrates, 1- 


bromobutane is the least sterically hindered (the f 
position is less substituted). Therefore, 1-bromobutane 
is the most reactive toward Sn2. 


Increasing reactivity (S2) 


x 
J Ga Oe SOF, 


(b) The four constitutional isomers are arranged below 
in order of increasing reactivity toward E2. Notice that 
the tertiary alkyl bromide is the most reactive towards 
E2, followed by the secondary alkyl bromide. Among 
the two primary alkyl bromides, the one leading to a 
disubstituted alkene will be more reactive towards E2 
than the one leading to a monosubstituted alkene. 


Increasing reactivity towards E2 


Br 
Be pu PT M. 


7.50. The leaving group is an iodide ion (I) and the 
nucleophile is an acetate ion (CH3CO2). In the 
transition state, each of these groups is drawn as being 
connected to the a position with a dotted line to 
represent a partial bond (a bond that is either in the 
process of forming or breaking), and at a bond angle of 
180° (indicating back-side attack). A &- is placed on 
each group to represent a partial negative charge, 
indicating that these charges are in the process of 
forming or dissipating. Don't forget the brackets and the 
double-dagger symbol that indicate the drawing is a 
transition state. 


+ 


7.51. The substrate is secondary, the solvent is DMSO 
(a polar aprotic solvent), and the nucleophile (iodide) is a 
very strong nucleophile. All of these factors suggest an 
Sn2 process. Iodide functions as a nucleophile and 
attacks (S)-2-iodopentane, displacing iodide as a leaving 
group. Since the reaction is an SN2 process, we expect 
inversion of configuration. The product is (R)-2- 
iodopentane, which is the enantiomer of the initial 
substrate. The (S) enantiomer continues to be converted 
to the (R) enantiomer, and vice versa, until a racemic 
mixture is eventually obtained. 


7.52. No. Preparation of this compound via an acetylide 
ion would require the use of the following tertiary alkyl 
halide, which will not participate in an Sn2 reaction 
because of steric crowding. 
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m 
7.53. 


(a) The chiral center in the substrate has the R 
configuration, as shown below. 


I 
a 


(b) The chiral center in the product has the R 
configuration, as shown below. 


[o] 
Il 


(c) The reaction is an Sn2 process, and it does proceed 
with inversion of configuration. However, the 
prioritization scheme changes when the bromo group 
(#1) is replaced with a cyano group (#2). As a result, the 
Cahn-Ingold-Prelog system assigns the same 
configuration to the reactant and the product, even 
though an inversion has indeed occurred. 


7.54. The dianion has two nucleophilic centers, and the 
electrophile has two electrophilic centers. As such, these 
compounds can react with each other via two successive 
Sn2 reactions, as shown below, giving a six-membered 
ring with the molecular formula C4HsO». 


Cy age E 

[m~ T 

O: e O 
“o 


C4HgO; 


Br 
[- 
Br 


Lo 
QO: 
C 
0: 
7o 


7.55. 
(a) Our retrosynthesis begins with a disconnection at the 
alcohol group, at the C—O bond: 


PREF oi 


The more electronegative oxygen atom is more likely to 
have served as the nucleophile, so we draw a negative 
charge on the oxygen atom to give a suitable nucleophile 
(hydroxide ion). The carbon atom (at the disconnected 
bond) must have started out as the alkyl iodide 
electrophile, so we draw the leaving group (I) at that 
position. 
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was an 
electrophile C 
AD^ o 
was a 
nucleophile 
What starting 
materials are 
needed? 
I 
Ag + Ogu 
Electrophile Nucleophile 


The last step of the planning process is to confirm that 
the reaction mechanism is favorable. The hydroxide 
anion is a strong nucleophile and a strong base, so we 
must consider both Sn2 and E2 pathways. In this case, 
we have a primary substrate and a small nucleophile, so 
there is very little steric hindrance and we expect an Sn2 
process to give the desired target molecule as the major 
product. 

Now we draw the forward process. As shown here, 
NaOH can be used as the source of hydroxide. Other 
counterions (such as lithium or potassium) are equally 
acceptable: 


NaOH 


qe ser dr N aaa T 


Target molecule 


(b) Our retrosynthesis begins with a disconnection at the 
ester group. We must avoid making a disconnection at 
the sp? hybridized carbon atom (because Sw2 reactions 
generally do not occur at sp? hybridized centers), leaving 
the C—O bond the only reasonable option: 


bacs d 


The electronegative oxygen atom is more likely to have 
served as the nucleophile, so we draw a negative charge 
on the oxygen atom to give a suitable nucleophile (a 
carboxylate ion). The carbon atom (at the disconnected 
bond) must have started out as the alkyl iodide 
electrophile, so we draw the leaving group (I) at that 
position. 
was a 
ZA nucleophile 


mgr 


electrophile Ó 
What starting 
materials are 
needed? 
Bm O5 
sé d 
i Ó 
Electrophile Nucleophile 


The last step of the planning process is to confirm that 
the reaction mechanism is favorable. The carboxylate 
anion is electron-rich, making it a strong nucleophile. 
However, the negative charge is delocalized (stabilized 
by resonance), making it a relatively weak base (second 
factor in ARIO). Because it is not a strong base, the Sn2 
pathway does not have significant competition from the 
E2 pathway. With a primary substrate, we expect an Sn2 
process to proceed smoothly to give the desired target 
molecule. 

Now we draw the forward process. Notice that the 
carboxylate ion is shown as a sodium salt. Other 
counterions (such as lithium or potassium) are equally 
acceptable: 


(0) 
Sr PAS Eb d 


Target molecule 


(c) Our retrosynthesis begins with a disconnection at the 
cyano group, at the C-C bond: 


5 d cm 


Cyanide (NC ) is a stable and familiar anion, so we will 
use cyanide as the nucleophile. The other carbon atom 
(at the disconnected bond) must have started out as the 
alkyl iodide electrophile, so we draw the leaving group 
(I at that position. To account for the required 
stereochemistry in the product, we must consider the 
mechanism of the proposed reaction. An Sn2 process 
involves back-side attack, resulting in inversion of 
stereochemistry at the carbon atom bearing the leaving 
group. In order to furnish a product in which the 
nucleophile is installed on a wedge, the leaving group 
must have been on a dash: 


was an electrophile 


N was a nucleophile 
What starting 
awl 
Ot * 


materials are 
needed? 
Electrophile 


Oc=n 


Nucleophile 


The last step of the planning process is to confirm that 
the reaction mechanism is favorable. Cyanide is a strong 
nucleophile but not a strong base, so the Sn2 pathway 
does not have any significant competition from the E2 
pathway. With a secondary substrate, we expect an Sn2 


process to proceed smoothly to give the desired target 
molecule. 

Now we draw the forward process. As shown here, 
NaCN can be used as the source of cyanide. Other 
counterions (such as lithium or potassium) are equally 
acceptable: 


— m 


Target molecule 


(d) Our retrosynthesis begins with a disconnection at the 
thiol group, at the C-S bond: 


EN 


The more electronegative sulfur atom is more likely to 
have served as the nucleophile, so we draw a negative 
charge on the sulfur atom to give a suitable nucleophile 
(a thiolate ion). The carbon atom (at the disconnected 
bond) must have started out as the alkyl iodide 
electrophile, so we draw the leaving group (I) at that 
position. To account for the required stereochemistry in 
the product, we must consider the mechanism of the 
proposed reaction. An Sn2 process involves back-side 
attack, resulting in inversion of stereochemistry at the 
carbon atom bearing the leaving group. In order to 
furnish a product in which the nucleophile is installed on 
a wedge, the leaving group must have been on a dash: 


was an 
dau 
SH 


What starting 
materials are 


was a 
nucleophile 


needed? 
òt © 
A, * SH 
Electrophile Nucleophile 


The last step of the planning process is to confirm that 
the reaction mechanism is favorable. The large thiolate 
ion is a strong nucleophile (because it is very 
polarizable) but not a strong base, so the Sn2 pathway 
does not have any significant competition from the E2 
pathway. With a secondary substrate, we expect an Sn2 
process to proceed smoothly to give the desired target 
molecule. 

Now we draw the forward process. As shown here, 
NaSH can be used as the source of thiolate (HS ). Other 
counterions (such as lithium or potassium) are equally 
acceptable: 
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7.56. Each proposed method is a substitution process. 
In the first method, the nucleophile is a strong 
nucleophile (methoxide), which favors Sw2, but the 
substrate is tertiary. SN2 reactions do not occur at tertiary 
substrates, so this method will not work (E2 is expected 
to be the major pathway under these conditions). 

The second method should be efficient, because the 
substrate (methyl iodide) is not sterically hindered, the 
nucleophile is a strong nucleophile (tert-butoxide), and 
E2 is impossible with a one-carbon substrate. These 
conditions favor an Sn2 process. 


Target molecule 


7.57. We begin by drawing the substrate and identifying 
the B positions (highlighted): 


(R)-3-Bromo-2,3-dimethylpentane 


There are three B positions, each of which contains 
protons, so there are three possible regiochemical 
outcomes. If the double bond is formed between C3 and 
C4, then both E and Z stereoisomers are possible, giving 
a total of four alkenes: 


Increasing Stability 


US 


major product 


The tetrasubstituted alkene is the most stable, while the 
disubstituted alkene is the least stable. Among the two 
trisubstituted alkenes, the E isomer is more stable, 
because it exhibits fewer steric interactions than the Z 
isomer. 

larger steric 

interaction 


smaller steric 
interaction 
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7.58. There are only two f protons to abstract: one at C2 
and the other at C4. Abstraction of either proton leads to 
the same product. 


NaOH = 
ZA = ux 


Br 


7.59. 

(a) There is only one f position, and the resulting alkene 
is not stereoisomeric, so only one alkene will be 
produced, as shown: 


Strong 
base 


eye AVS 


(the only alkene produced) 


(b) The alkyl halide has two B positions, so there are 
two possible regiochemical outcomes. The more- 
substituted alkene can be formed as the E or Z isomer, 
giving a total of three alkenes, as shown: 


Cl Strong 
po base 
End 2 A Ea 
t AVS 


(c) The alkyl halide has two f positions, but they are 
identical, so there is only one possible regiochemical 
outcome. Two stereoisomers are possible (cis and 
trans), giving a total of two alkenes, as shown: 


Strong 
base pz " Zz 
as es ————- ANSIN 


Cl 


(d) The alkyl halide has three B positions, but two of 
them are identical. As such, there are two possible 
regiochemical outcomes, giving the following two 
alkenes (neither alkene is stereoisomeric): 

Strong 


ba te 


(e) There are three different B positions, and each of 
them has protons, giving rise to three different 
regiochemical outcomes. For two of these outcomes, 
both E and Z isomers are possible, giving a total of five 
alkenes, as shown: 


Cl Strong 
ae pase, M : 
7 


7.60. The reagent (NaOEt) is both a strong base (E2) 
and a strong nucleophile (Sn2). The substrate is 
secondary, so we expect the major product to be obtained 
via an E2 process. The substrate has two B positions, 
both of which bear protons, so we must identify the 
regiochemical outcome of the E2 process. Since the base 
is not sterically hindered, we expect the Zaitsev product 
(more-substituted alkene) to be major. Formation of the 
Zaitsev product requires deprotonation at the following, 
highlighted f position: 


Br 
(2S, 3S)-2-bromo-3-phenylbutane 


This position bears only one proton, so the reaction is 
expected to be stereospecific. That is, only one 
particular stereoisomeric product will be obtained. To 
determine which product to expect, we can rotate the 
central C-C bond so as to place the B proton and the 
leaving group in the plane of the page. But in this case, 
that is not necessary, because the p proton and the 
leaving group are already anti-periplanar to one another 
in the given drawing (one is on a dash and the other is on 
a wedge): 


In such a case, it is relatively easy to draw the product, 
because the carbon skeleton is simply redrawn without 
the B proton and without the leaving group (with a 
double bond instead). Note that a double bond has 
planar geometry, so the methyl group is on a straight line 
(not a dash) in the product: 


H 


` 
S 


Base 
——- 


7.61. 

(a) The problem statement indicates that the major 
product is obtained via an E2 process. The substrate has 
two p positions, both of which bear protons, so we must 


identify the regiochemical outcome of the E2 process. 
Since the base is not sterically hindered, we expect the 
Zaitsev product (the more-substituted alkene) to be 
major. Formation of the Zaitsev product requires 
deprotonation at the following, highlighted f position: 


Br 


This position bears only one proton, so the reaction is 
expected to be stereospecific. That is, only one 
particular stereoisomeric product will be obtained. To 
determine which product to expect, we can rotate the 
central C-C bond so as to place the p proton and the 
leaving group in the plane of the page. But in this case, 
that is not necessary, because the p proton and the 
leaving group are already anti-periplanar to one another 
in the given drawing (one is on a dash and the other is on 
a wedge): 


In such a case, it is relatively easy to draw the product, 
because the carbon skeleton is simply redrawn without 
the B proton and without the leaving group (with a 
double bond instead). Note that a double bond has 
planar geometry, so the methyl group is on a straight line 
(not a wedge) in the product: 


H 
e Bae. D 


Br 


(b) The problem statement indicates that the major 
product is obtained via an E2 process. There are three B 
positions, but only two of them bear protons, so there are 
two possible regiochemical outcomes. Since the base is 
not sterically hindered, we expect the Zaitsev product 
(the more-substituted alkene) to be major. Formation of 
the Zaitsev product requires deprotonation at the 
following, highlighted B position: 


BS 
PN CI 


This position bears only one proton, so the reaction is 
expected to be stereospecific. That is, only one 
particular stereoisomeric product will be obtained. To 
determine which product to expect, we can rotate the 
central C-C bond so as to place the B proton and the 
leaving group in the plane of the page. But in this case, 
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that is not necessary, because the p proton and the 
leaving group are already anti-periplanar to one another 
in the given drawing (one is on a dash and the other is on 
a wedge): 


In such a case, it is relatively easy to draw the product, 
because the carbon skeleton is simply redrawn without 
the B proton and without the leaving group (with a 
double bond instead). Note that a double bond has 
planar geometry, so the methyl groups are drawn on 


straight lines in the product: 
H 
7.62. The reagent is a strong nucleophile (Sn2) and a 


3 (Cl 
strong base (E2), so we expect a bimolecular reaction. 
The substrate is tertiary so only E2 can operate (Sn2 is 
too sterically hindered to occur) There is only one 
possible regiochemical outcome for the E2 process, 
because the other f positions lack protons. 


Br 
———— 


7.63. 

(a) The reagent is hydroxide, which is both a strong 
nucleophile (SN2) and a strong base (E2). The substrate 
is secondary, so we expect the E2 pathway to 
predominate. There are two [ positions that bear 
protons, so there are two possible regiochemical 
outcomes for an E2 process. The base is not sterically 
hindered, so the major product will be the more- 
substituted alkene (the Zaitsev product). Two 
stereoisomers are possible (cis and trans), and the more 
stable trans isomer is favored: 


NaOH 
d m d ——— 


Br 


PU d 


major 


(b) The reagent is fert-butoxide, which is a strong, 
sterically hindered base. The substrate is secondary so 
we expect E2 processes to predominate (Sn2 is highly 
disfavored because of steric interactions). There are two 
P positions that bear protons, so there are two possible 
regiochemical outcomes. The base is sterically hindered, 
so the major product will be the less-substituted alkene 
(the Hofmann product): 
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t-BuOK 


dix ED. ad > 
Br 


7.64. 

(a) Given the location of the x bond, we consider the 
following two possible alkyl halides as potential starting 
materials. 


Compound A has three f) positions, but only two of them 
bear protons, and those two positions are identical. 
Deprotonation at either location will result in the desired 
alkene. In contrast, compound B has two different p 
positions that bear protons. Therefore, if compound B 
undergoes an E2 elimination, there will be two possible 
regiochemical outcomes, so more than one alkene will be 
formed. 

Compound A (where X = Cl, Br or I) is the alkyl halide 
that will undergo an E2 elimination to give only the 
desired alkene. 


PFO 


major 


(b) Given the location of the x bond, we consider the 
following two possible alkyl halides as potential starting 
materials. 


A M B 

Compound A has two f)» positions, and those two 
positions are identical. Deprotonation at either location 
will result in the desired alkene. In contrast, compound 
B has two different B positions that bear protons. 
Therefore, if compound B undergoes an E2 elimination, 
there will be two possible regiochemical outcomes, so 
more than one alkene will be formed. 

Compound A (where X = Cl, Br or I) is the alkyl halide 
that will undergo an E2 elimination to give only the 
desired alkene. 


(c) Given the location of the x bond, we consider the 
following two possible alkyl halides as potential starting 
materials. 


A B 


Compound A has three f) positions, but only two of them 
bear protons, and those two positions are identical. 
Deprotonation at either location will result in the desired 
alkene. In contrast, compound B has two different p 


positions that bear protons. Therefore, if compound B 
undergoes an E2 elimination, there will be two possible 
regiochemical outcomes, so more than one alkene will be 
formed. 

Compound A (where X = Cl, Br or I) is the alkyl halide 
that will undergo an E2 elimination to give only the 
desired alkene. 


(d) Given the location of the x bond, we consider the 
following two possible alkyl halides as potential starting 


materials. 
Cm 


A B 


Compound A has only one ß position, giving rise to only 
one alkene. In contrast, compound B has more than one 
P position, giving rise to more than one alkene. 
Compound A (where X = Cl, Br or I) is the alkyl halide 
that will undergo an E2 elimination to give only the 
desired alkene. 


7.65. Hydroxide is both a strong nucleophile (Sn2) and a 
strong base (E2). The substrate is tertiary, so we expect 
an E2 process only. In the transition state, the hydroxide 
ion is in the process of removing the proton, the double 
bond is in the process of forming, and the leaving group 
is in the process of leaving. We use dotted lines to 
represent partial bonds (those bonds that are either in the 
process of being formed or being broken), and we use ô- 
symbols to represent partial negative charges, indicating 
that these charges are in the process of forming (on CI 
atom) or dissipating (on O atom). Finally, brackets are 
drawn, together with the double dagger symbol that 
indicates that this is a transition state: 


os ji t 


7.66. 

(a) The Zaitsev product is desired (the more-substituted 
alkene), so we must a use a base that is not sterically 
hindered. Sodium ethoxide (NaOEt) is the correct 
choice, because potassium fert-butoxide is a sterically 
hindered base. 

(b) The Hofmann product is desired (the less-substituted 
alkene), so a sterically hindered base should be used. 
The correct choice is potassium tert-butoxide (t-BuOK). 


7.67. x bonds cannot be formed at the bridgehead of a 
bicyclic compound, unless one of the rings is large (at 
least eight carbon atoms). This rule is known as Bredt's 
rule. Thus, in this case, no reaction would be expected. 
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a P proton that is on a dash. In this case, there is only 


Strong base eee : 
one such proton, highlighted below, so there is only one 


>e possible regiochemical outcome. In this case, the 
Hofmann product (the less-substituted alkene) is formed 
Br {i regardless of the choice of base. 
This bond cannot 
be formed 


7.68. For substituted cyclohexanes, an E2 reaction will 
occur if the leaving group and the B proton can achieve 
anti-periplanarity. In order to achieve this, one must be 
on a wedge and the other must be on a dash. The leaving 
group (Br ) is on a wedge. Therefore, we are looking for 


7.69. 

(a) This is an acid-catalyzed dehydration reaction, which is an El process. In acidic conditions, the OH group is 
protonated, which converts it from a bad leaving group to a good leaving group. In aqueous sulfuric acid, the acid that 
is present in solution is H3O* (because of the leveling effect, as explained in Section 3.6), so we use H3O* as the proton 
source in the first step of the mechanism. The next two steps of the mechanism constitute the core steps of an El 
process: (1) loss of a leaving group (H20), which requires one curved arrow, and (ii) removal of the B proton, which 
requires two curved arrows, as shown: 


H 
/ 
le i " 
s \ / © ZOS 
OH H VAM H20 H^ `H 
H 2 
H 


(b) This is an acid-catalyzed dehydration reaction, which is an El process. In acidic conditions, the OH group is 
protonated, which converts it from a bad leaving group to a good leaving group. In aqueous sulfuric acid, the acid that 
is present in solution is H3O* (because of the leveling effect, as explained in Section 3.6), so we use H3O* as the proton 
source in the first step of the mechanism. Loss of the leaving group gives a secondary carbocation that can undergo a 
rearrangement (a methyl shift), giving a more stable, tertiary carbocation. Finally, water serves as the base that 


deprotonates the carbocation to generate the product: 
H Sor H 
- H20 1 9 
mot 6 v 
Ò 


(6 
H 


(c) With a weak base (ethanol), the reaction must proceed via an E1 mechanism. The leaving group is iodide. Loss of 
the leaving group gives a tertiary carbocation that cannot rearrange to become more stable. Finally, ethanol serves as 
the base that removes the f proton to generate the product. 


H 


(d) The reagent (ethoxide) is a strong base, and the substrate is tertiary, so the reaction must proceed via an E2 process. 
Three curved arrows are required. The tail of the first curved arrow is placed on a lone pair of the base (ethoxide) and 


240 CHAPTER 7 


the head is placed on the proton that is removed. The tail of the second curved arrow is placed on the C-H bond that is 
breaking, and the head shows formation of the x bond. The third curved arrow shows loss of the leaving group 
(iodide), as shown here. 


7.70. This is a substitution reaction that takes place at a tertiary center, so it must be an Sw1 process (steric hindrance 
prohibits back-side attack, so there is no SN2 mechanism). The substrate is an alcohol, so acidic conditions are 
employed so that the OH group can be protonated, rendering it a better leaving group. Then, loss of a leaving group 
generates a carbocation, which is then attacked by the bromide nucleophile to give the substitution product. Notice that 
the mechanism is comprised of a proton transfer, followed by the two core steps of an Sn1 process (loss of a leaving 


group and nucleophilic attack). 
SO 
PE i Br 


racemic 


The chiral center is lost when the leaving group leaves to form a carbocation with trigonal planar geometry. The 
nucleophile can then attack either face of the planar carbocation with equal probability, leading to a racemic mixture: 


A racemic mixture 


7.71. 

(a) The substrate is primary, so we will need to perform 
an Sw2 reaction. We must therefore use a strong 
nucleophile (hydroxide, rather than water). 


NaOH 
MEN tg, d a 


(b) The substrate is a primary alcohol, and the OH group 
is not a good leaving group. So we first convert the OH 
group into a better leaving by treating the alcohol with 
tosyl chloride and pyridine. Then, an Sn2 reaction can 
be performed (since the substrate is primary) with 
cyanide as the nucleophile, giving the desired product. 


1) TsCl, py 


Aro 2) NaCN 


en 


(c) The substrate is tertiary, so we will need to perform 
an Snl reaction. The nucleophile must be bromide, but 


we cannot simply treat the substrate with bromide, 
because hydroxide is not a good leaving group. The use 
of HBr will provide both the nucleophile (bromide) and 
the proton for converting the bad leaving group to a good 
leaving group (water). 


w = ae 
———- 
OH Br 


(d) The desired transformation involves inversion of 
configuration, so we must use an Sn2 process. As such, 
we want to use a strong nucleophile (HS ). 


CI 
CNN NaSH 
———»- 


Since the substrate is secondary, the use of a polar 
aprotic solvent, such as DMSO, will be helpful. 


uu 
ia m 


7.72. Solvolysis is expected to afford both Snl and E1 
products, via a carbocation intermediate. The first 
compound is a tertiary substrate. The second compound 
is a tertiary allylic substrate (the leaving group is 
adjacent to a n bond). The allylic substrate will undergo 
solvolysis reactions more rapidly because a tertiary 
allylic carbocation is more highly stabilized than a 
tertiary carbocation (because of resonance, shown here). 


7.73. 
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(a) We begin by drawing a Newman projection, and we find that the front carbon atom bears the leaving group 
(bromide), while the back carbon atom bears two f protons, either of which can be removed. The following two 
Newman projections represent the two conformations in which a f proton is anti-periplanar to the leaving group. In the 
first Newman projection, the phenyl groups (highlighted) are anti to each other, so the transition state is not expected to 
exhibit a steric interaction between the phenyl groups. In contrast, the second Newman projection exhibits a gauche 
interaction between the two phenyl groups (highlighted), so the transition state is expected to exhibit a steric 
interaction. Therefore, trans-stilbene is formed at a faster rate than cis-stilbene (because formation of the less stable 


cis-stilbene involves a higher energy transition state). 


"XX 
BE H 


Ph 


NaOEt 


rotate C-C bond 
—.W—_oO_ > 


H Oe 
H Ph 


NaOEt 


trans-stilbene 
(major product) 


cis-stilbene 


(b) The same argument, as seen in the solution to part (a) of this problem, can be applied again in this case. That is, 
there are still two B protons that can be abstracted in a B elimination, so both products are still possible, as shown 


below. 


F 


observer 


trans-stilbene 
(major product) 


Ph 
H Br rotate C-C bond 
— H H 
Ph 


Ore 
Ph H 


cis-stilbene 
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7.74. Because of the bulky tert-butyl group, the trans 
isomer is essentially locked in a chair conformation in 
which the chlorine substituent occupies an equatorial 
position. 


2 4 
3 
= Sve 
el 


This conformation cannot readily undergo an E2 reaction 
because the leaving group is not anti-periplanar to a p 
proton (in order to achieve anti-periplanarity, the H and 
Cl must be trans diaxial). However, the cis isomer is 
locked in a chair conformation in which the chlorine 
occupies an axial position: 


CI 
È s F 
S 1 
Cl 


This conformation rapidly undergoes an E2 reaction, 
because it has anti-periplanar B protons readily available. 


7.75. 

(a) The reagent is fert-butoxide, which is a strong, 
sterically hindered base. The substrate is secondary so 
we expect E2 processes to predominate (Sn2 is highly 
disfavored because of steric interactions). The major 
product is the less-substituted alkene (the Hofmann 
product). The minor product (the more-substituted 
alkene) can be formed as either of two stereoisomers (cis 
and trans), giving the following three products: 


CI 


Pw t-BuOK 
ZN 
major 
+ oe a Ro NX 


(b) The reagent is hydroxide, which is both a strong 
base (E2) and a strong nucleophile (SNn2). The substrate 
is primary, so we expect the Sn2 process to be 
responsible for the major product, as shown here. 


NaOH 


In this case, there are no stereochemical considerations 
for either product. There is no observed inversion of 
configuration in the Sn2 product, because there is no 
chiral center, and the alkene product is not 
stereoisomeric. 


(c) The reagent is ethoxide, which is both a strong base 
(E2) and a strong nucleophile (SN2). The substrate is 
secondary so we expect both E2 and Sw2 processes, 
although E2 will be responsible for the major product. 
Because the base is not sterically hindered, the major 
product is the more-substituted alkene (the Zaitsev 
product), with the trans configuration (because the 
reaction is stereoselective, favoring the more stable trans 
isomer over the cis isomer). The minor products include 
the cis isomer, the less-substituted alkene, and the Sn2 
product (with the expected inversion of configuration): 


Br 
P NaOEt 
Nr 
major 
OEt 
+ S N+E m +t FOF 
minor minor minor 


(d) The reagent is ethoxide, which is both a strong base 
(E2) and a strong nucleophile (SN2). The substrate is 
tertiary, so we expect an E2 process. There are three B 
positions, but two of them are identical, so there are two 
possible regiochemical outcomes. Since the base is not 
sterically hindered, we expect that the more-substituted 
alkene (the Zaitsev product) will be the major product, as 
shown. The less-substituted alkene is the minor product. 
There are no stereochemical considerations, because 
neither product is stereoisomeric. 


Pr NaOEt 
^ NS + 


major minor 

(e) The reagent is ethoxide, which is both a strong base 
(E2) and a strong nucleophile (SN2). The substrate is 
secondary so we expect both E2 and Sn2 processes, 
although E2 will be responsible for the major product. 
In this case, there is only one p position that bears 
protons, so there is only one possible regiochemical 
outcome. The trans isomer is expected to be the major 
product (because the reaction is stereoselective, favoring 
the more stable trans isomer over the cis isomer). The 
minor products include the cis isomer and the Sn2 
product (with the expected inversion of configuration): 


Br 
NaOEt 
EtOH 
WN 
OEt 
OA co 
+ + 
minor minor 


(f) The reagent is ethoxide, which is both a strong base 
(E2) and a strong nucleophile (Sn2). The substrate is 
secondary so we expect both E2 and Sn2 processes, 
although E2 will be responsible for the major product. 
In this case, there is only one p position that bears a 
proton, 


Br 


so there is only one possible regiochemical outcome for 
the E2 process. 

Moreover, since there is only one B proton, the E2 
reaction is expected to be stereospecific. That is, only 
one particular stereoisomeric product will be obtained. 
To determine which product to expect, we must rotate 
the central C-C bond so that the f proton is anti- 
periplanar to the leaving group. We will do so in two 
stages. First, we rotate the central C-C bond in a manner 
that places the B proton in the plane of the page (rather 
than on a wedge): 


Br Br 
Rotate 
central bond Am 
— 


Then, we rotate the central C-C bond again, in a manner 
that places the leaving group (Br) in the plane of the 


page: 


Br 


Rotate 


central bond 
—————— 


In this conformation, the proton and the leaving group 
are anti-periplanar. To draw the product, use the wedges 
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and dashes as guides. In this case, the phenyl group and 
the ethyl group are both on wedges, so they will be cis to 
each other in the product: 


The minor product is formed via an Sn2 process (with 
inversion of configuration). 
In summary, the following products are expected: 


Br 


major 


(g) The reagent is tert-butoxide, which is a strong base 
(E2). The substrate is tertiary, so we expect only E2 (no 
Sn2). The substrate has three B positions that bear 
protons, but two of them are identical, giving rise to two 
possible regiochemical outcomes for the E2 process. 
Since the base (fert-butoxide) is sterically hindered, we 
expect that the major product will be the less-substituted 
alkene (the Hofmann product), and the minor product 
will be the more-substituted alkene. The Zaitsev product 
is formed as a mixture of cis and trans stereoisomers, 
giving a total of three products, shown here: 


B 
"am -BuOK 

. FBuOK — 

* —€—— t 


minor minor 


(h) The reagent is methoxide, which is both a strong base 
(E2) and a strong nucleophile (SN2). The substrate is 
tertiary so we expect only E2 (no Sn2). The substrate 
has three B positions that bear protons, but two of them 
are identical, giving rise to two possible regiochemical 
outcomes. Since the base (methoxide) is not sterically 
hindered, we expect that the major product will be the 
more-substituted alkene (the Zaitsev product) as the 
more stable Æ isomer, because the process is 
stereoselective. The minor products include the Z isomer 
and the less-substituted alkene: 
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Br 
eS pe = ee ae 
E Nal 


major 


t A — 


minor minor 


(i) The reagent is hydroxide, which is both a strong base 
(E2) and a strong nucleophile (SN2). The substrate is 
secondary so we expect both E2 and Sn2 processes, 
although E2 will be responsible for the major product. 
Because the base is not sterically hindered, the major 
product is the more-substituted alkene (the Zaitsev 
product) with the trans configuration (because the 
reaction is stereoselective, favoring the more stable trans 
isomer over the cis isomer). The minor products include 
the cis isomer, the less-substituted alkene, and the Sn2 
product (with the expected inversion of configuration): 


3 NaOH 
NZ — 
Nr 
major 
OH 
+S NN + ÆN + Pu 
minor minor minor 


(j) Treatment of an alcohol with concentrated sulfuric 
acid results in a dehydration reaction (an El process) to 
afford an alkene (or a mixture of alkenes). In this case, 
there are two different B positions that bear protons, so 
there are two possible regiochemical outcomes. As with 
all El mechanisms, the more-substituted alkene is the 
major product (the Zaitsev product) and the less- 
substituted alkene is a minor product. Another minor 
product can result if the initially formed secondary 
carbocation undergoes a rearrangement to give a tertiary 
carbocation, followed by deprotonation to give a 
disubstituted alkene, shown below: 


OH 
conc. H5SO4 


——————- 
BEN 
heat N nao 


minor minor 

(k) The reagent is chloride, which functions as a 
nucleophile, so we expect a substitution reaction (we 
don't expect elimination to occur, because chloride is a 
very weak base). The substrate is secondary and the 
solvent is polar aprotic, indicating an SN2 process. As 
such, we expect inversion of configuration, as shown: 


DMSO ZO SG 


7.76. 

(a) The reagent is HS’, which is a strong nucleophile, 
and the substrate is secondary, so we expect an Sn2 
process, with inversion of configuration: 


Cl 


Dd 


(b) The reagent is DBN, which is a strong base, so we 
expect an E2 process. There is only one f position, so 
only one regiochemical outcome is possible: 


uu 
x= 


NaSH 


a 


DBN 
Re ee ops, 
(c) The reagent is hydroxide, which is both a strong base 
(E2) and a strong nucleophile (SN2). The substrate is 
tertiary, so we expect only an E2 process (no Sw2). 
There are three D positions, but two of them are identical, 
so there are two possible regiochemical outcomes. The 
more-substituted alkene is the major product (the Zaitsev 
product): 

I 


NaOH 
H20 


(d) The reagent is water, which is both a weak base and 
a weak nucleophile, so we expect El and Sn1 processes. 
Furthermore, the substrate is tertiary, so the expected 
carbocation is stable and the solvolysis reaction is 
reasonable. One of the alkene products is trisubstituted, 
so we expect the E1 pathway to predominate. For the E1 
pathway, two regiochemical outcomes are possible. The 
base is not sterically hindered, so the more-substituted 
alkene is the major product (the Zaitsev product), as 
shown: 


Br 


H20 


——> 
heat 


(e) The reagent is tert-butoxide, which is a strong, 
sterically hindered base. The substrate is secondary so 
we expect E2 processes to predominate (Sn2 is highly 
disfavored because of steric interactions). There are two 
B positions bearing protons, so two regiochemical 
outcomes are possible. Since the base is sterically 
hindered, the major product is the less-substituted alkene 
(the Hofmann product), as shown: 


t-BuOK a 
—————- 


(f) The reagent is methoxide, which is both a strong base 
and a strong nucleophile. The substrate is tertiary, so we 
expect an E2 process. There are three B positions, but 
two of them are identical, so there are two possible 
regiochemical outcomes. The more-substituted alkene 
is the major product (the Zaitsev product), as shown: 


"wu Bis EV. 
——————- 
MeOH A 


(g) The reagent is tert-butoxide, which is a strong, 
sterically hindered base. The substrate is tertiary, so we 
expect an E2 process. There are three f positions, but 
two of them are identical, so there are two possible 
regiochemical outcomes. Since the base is sterically 
hindered, we expect that the less-substituted alkene will 
be the major product (the Hofmann product), as shown: 


pn p 
7.77. 
(a) A polar aprotic solvent is used, and the reaction 
occurs with inversion of configuration. These factors 
indicate an Sn2 process. 
In an Sn2 process, nucleophilic attack and loss of the 


leaving group occur in a concerted fashion (in one step), 
as shown below: 


t-BuOK 


= 


/N 
v 
(0) 
Wi 
z 


(b) Since the reaction is an SN2 process, we expect a 
second-order rate equation that is linearly dependent on 
both the concentration of the substrate and the 
concentration of the nucleophile. 


p 


(c) As given in the solution to part (b) of this problem, 
the rate of an Sn2 reaction is linearly dependent on the 
concentration of the nucleophile. As such, if the 
concentration of the nucleophile (cyanide) is doubled, 
the reaction rate is expected to double. 


Rate = k NaCN 


(d) As seen in the solution to part (a) of this problem, 
the reaction occurs via an Sw2 process, which is 
comprised of one concerted step (in which the 
nucleophile attacks with simultaneous loss of the leaving 
group). As such, there is only one transition state, and 
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the energy diagram will have only one maximum (only 
one hump). 


Energy 


Reaction coordinate 


7.78. 

(a) The reagent (ethoxide) is a strong base, and the 
substrate is tertiary, so the reaction must proceed via an 
E2 process. In this case, there are two possible 
regiochemical outcomes (Zaitsev or Hofmann), and we 
expect the Zaitsev product (the more-substituted alkene) 
to be the major product, because ethoxide is not a 
sterically hindered base: 


Pp 


2-Bromo-2-methylhexane Zaitsev product 


(major) 


The mechanism for this E2 process must involve three 
curved arrows. The tail of the first curved arrow is 
placed on a lone pair of the base (ethoxide) and the head 
is placed on the proton that is removed. The tail of the 
second curved arrow is placed on the C-H bond that is 
breaking, and the head shows formation of the x bond. 
The third curved arrow shows loss of the leaving group 
(bromide), as shown here. 


(b) For an E2 process, the rate is dependent on the 
concentrations of the substrate and the base: 


Rate = k [alkyl halide] [NaOEt] 


(c) As given in the solution to part (b) of this problem, 
the rate of an E2 reaction is linearly dependent on the 
concentration of the base (NaOEt). As such, if the 
concentration of base is doubled, the rate will be 
doubled. 


(d) The mechanism has one step and one transition state, 
so the energy diagram must have only one maximum 
(only one hump). The products are lower in energy than 
the reactants, in part because bromide is more stable than 
ethoxide. 
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Reaction Coordinate 


(e) In the transition state, the ethoxide ion is in the 
process of removing the proton, the double bond is in the 
process of forming, and the leaving group (bromide) is in 
the process of leaving. We use dotted lines to indicate 
the bonds that are either in the process of being formed 
or being broken, and we use ô- symbols to represent 
partial negative charges, indicating that these charges are 
in the process of forming (on the Br atom) or dissipating 
(on the O atom). Finally, brackets are drawn, together 
with the double dagger symbol that indicates that this is a 
transition state: 


H 
o? 


Et 


7.79. The correct answer is (d). The substrate is primary 
and the reagent is a strong nucleophile, so this 
substitution reaction must occur via an Sn2 pathway. 
Sn2 reactions are bimolecular processes, so statement (a) 
is true. In an Sn2 process, the rate is linearly dependent 
on the concentration of the nucleophile, so statement (b) 
is also true. Polar aprotic solvents enhance the rate of 
Sn2 processes, so statement (c) is also true. Therefore, 
statement (d) must be false, and indeed, it is false. Sn2 
reactions do not proceed via carbocation intermediates. 
Carbocation intermediates are involved in Sn1 reactions, 
but the alkyl halide is primary in this case, and a primary 
carbocation is too unstable to form. 


7.80. The correct answer is (d). The reagent is both a 
strong base (E2) and a strong nucleophile (Sn2). With a 
secondary substrate, the E2 product is favored over the 
Sn2 product. This rules out option (a). Since the base is 
not sterically hindered, we expect the Zaitsev product. 
That is, we expect a disubstituted alkene, rather than a 


monosubstituted alkene, so we can rule out option (b). 
Options (c) and (d) are cis/trans stereoisomers. Since the 
E2 process is stereoselective, we expect the more stable 
trans isomer to predominate, so option (d) is the correct 
answer. 


7.81. The correct answer is (c). Option (a) involves a 
primary substrate being treated with hydroxide (which is 
both a strong nucleophile and a strong base). Under these 
conditions, the SN2 product is expected to predominate 
over the E2 product. The alcohol dehydration in option 
(b) is an El process that would give the more-substituted 
alkene as the major product (the Zaitsev product), not 1- 
butene. The strong base in option (d) is not sterically 
hindered so it would also give the more-substituted 
alkene as the major product (the Zaitsev product). Only 
option (c) will give 1-butene, because the sterically 
hindered base will produce the less-substituted alkene 
(the Hofmann product) as the major product, after the 
initial step of converting the alcohol (bad leaving group) 
into a tosylate (good leaving group). 


7.82. The correct answer is (d), increased steric 
hindrance. An Sw2 reaction is a one-step mechanism: 
back-side attack of a strong nucleophile on an 
unhindered carbon bearing a leaving group. The 
mechanism is facilitated by polar aprotic solvents, and is 
slowed by steric hindrance. 


7.83. The correct answer is (c). The E1 mechanism 
involves at least two steps: formation of a carbocation by 
loss of a leaving group, and then attack by a weak 
nucleophile to afford the substitution product. 


7.84. The correct answer is (b). This substitution 
reaction is taking place at a tertiary carbon atom, so an 
Snl mechanism is expected. The mechanism has a total 
of three steps: protonation of the alcohol, loss of water as 
a leaving group, and nucleophilic attack on the resulting 
carbocation by the bromide ion. 


. HBr , 
$4 oc 

al 

Oz 
OH» E HO 
: e 
rate- 
determining 

step 


The rate-determining step for an Snl process is 
formation of the carbocation (loss of the leaving group). 
Therefore, the transition state for the rate-determining 
step for the given reaction has one partial bond 
(representing the breaking C—O bond), a partial positive 
charge on the oxygen atom, and a partial positive charge 
on the carbon atom. 


7.85. The correct answer is (c). Sodium ethoxide is a 
strong nucleophile that can do a back-side attack to 
displace a leaving group (Sw2). It is also a strong base 
that can initiate the anti-periplanar elimination of a f 
proton and a leaving group (E2) A strong 
nucleophile/base is associated with one-step, bimolecular 
reactions, while unimolecular reactions (Snl and El, 
with carbocation intermediates) require a weak 
nucleophile/base. 


7.86. The correct answer is (a). The Hofmann product 
(the less-substituted alkene) is desired, so a strong, 
sterically hindered base should be used, such as 
potassium fert-butoxide. 


7.87. The correct answer is (d). The solvolysis reaction 
of an alkyl halide with methanol describes a substitution 
reaction: 

OCHs 


I 
———— 


Methanol is a weak nucleophile, so solvolysis typically 
follows an Snl process. The fastest Sn1 is expected with 
the alkyl halide that would generate the most stable 
carbocation. The correct answer has a leaving group on a 
secondary, benzylic carbon, and the carbocation resulting 
from loss of this iodide leaving group is highly stabilized 
by resonance that involves both benzene rings. Shown 
below are two of many possible resonance structures: 


e 


O-O 


etc. 


7.88. The correct answer is (b). Reaction I is faster 
because it has less steric hindrance. The HS” anion is a 
strong nucleophile, so the reaction is expected to be 
bimolecular (Sn2). In this case, we are comparing 
substrates with a leaving group on a primary or tertiary 
carbon atom. The one-step back-side attack is faster if 
there is less steric hindrance, so the primary alkyl 
bromide will have the faster reaction. 


R 


3° leaving group 
slower/impractical Sy2 


xN NBr 


1° leaving group 
faster Sy2 
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7.89. The correct answer is (c). The most reasonable 
retrosynthesis begins with a disconnection at the cyano 
group, at the C-C bond: 

was an 


t2 electrophile 
CSN 
was a 
nucleophile 
What starting 
materials are 
needed? 
Br 
se + OczN 
Electrophile Nucleophile 


Cyanide (NC ) is a stable and familiar anion, so we will 
use cyanide as the nucleophile. The other carbon (at the 
disconnected bond) must have started out as an 
electrophile, so we draw a leaving group (such as Cl, Br, 
I or OTs) at that position. 


7.90. The correct answer is (a) A reasonable 
retrosynthesis reveals a potential starting material from 
which the desired target molecule can be made. The n 
bond in the target molecule can be formed by an 
elimination reaction, either by dehydration of an alcohol 
or E2 elimination with a substrate bearing a good leaving 
group. The retrosyntheses leading to an alcohol, tosylate 
or bromide are all reasonable, as these substrates could 
all be used to prepare the given target molecule: 


OH 
conc. H2SO4 
——————- 
heat 


OTs 

& NaOMe o 
——— 

Br 

G NaOMe o 
————————— 


The methoxy group (OMe) is not a good leaving group, 
so an ether is not a suitable starting material for an 
elimination reaction: 
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7.91. 

(a) Iodide is a strong nucleophile, and the substrate is 
primary, indicating an Sn2 reaction. The polar aprotic 
solvent (DMF) is also favorable for an Sn2 process. The 
substrate has an electrophilic center shown here. 


I electrophilic 
leaving center 


group 


Iodide attacks this electrophilic center in an Sn2 process, 
ejecting the leaving group (highlighted above), as shown 
here: 


O 
A x © o I 
Q^ e O 4 


(b) This reaction occurs via an Sn2 process. As such, the 
rate of the reaction is highly sensitive to the nature of the 
substrate. The reaction will be faster in this case, 
because the methyl ester (a methyl substrate) is less 
sterically hindered than the ethyl ester (a primary 
substrate). 


PCH 12 © 


—— O 


+ H3C—I 


7.92. A strong base will remove the most acidic proton 
in the starting alcohol (the proton of the OH group), 
giving an anion that contains both a nucleophilic center 
and an electrophilic center, allowing for an 
intramolecular Sn2-type process (bromide is ejected as a 
leaving group), as shown here. 


é] o 
CX HON Base 
——- 
"By 


7.93. Iodide is a much stronger nucleophile than ethanol, 
so we initially expect iodide to attack n-butyl bromide (a 
primary substrate) in an Sw2 reaction to give n-butyl 


iodide. 
A ole 


JO SU SEE = c: NAi 


= 


As a result of this rapid reaction, the concentration of 
iodide quickly decreases. Then, the slow rise in 
concentration of iodide indicates that another nucleophile 
is slowly ejecting the iodide ions. Indeed, there is a 
weak nucleophile present (ethanol). In the presence of 
ethanol, a slow Sn2 process can occur in which n-butyl 
iodide functions as the substrate (iodide is an excellent 
leaving group) and ethanol functions as the nucleophile. 
The resulting oxonium ion is then deprotonated (by 
ethanol, this time functioning as a base), giving the 
product shown below, which is an ether. 


Product 


7.94. Primary substrates generally do not undergo Sn1 
reactions, because primary carbocations are too high in 
energy to form at an appreciable rate. However, in this 
case, loss of the leaving group generates a resonance- 
stabilized cation. Because this intermediate is stabilized, 
it can form at an appreciable rate, allowing an Snl 
process to proceed successfully, despite the fact that the 


substrate is primary. 
AX eee E 
Z 
05 on 
© 


p ^ -Te09 
Of NES ~~ 
Resonance stabilized 


7.95. Iodide is a very strong nucleophile (because it is a 
large anion that is highly polarizable), and it is also an 
excellent leaving group (because it is a very weak base). 
As such, iodide will function as a nucleophile to displace 
the chloride ion. Once installed, the iodide group is a 
better leaving group than chloride, thereby increasing the 
rate of the reaction with cyanide. 


2 ial aw ia 
Cl NaCN CN 
1° e 
CN 
N N”N Ai 
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7.96. The conditions (no strong nucleophile or strong base; polar protic solvent) favor unimolecular processes (E1 and 
Sn1), so we must explain the formation of the products with those mechanisms. 

Formation of the first product can be explained with the following Sn1 mechanism, in which the first step is loss of the 
leaving group to generate a resonance-stabilized cation (resonance structures are not shown here). This carbocation is 
then captured by ethanol, which functions as a nucleophile. The resulting oxonium ion is then deprotonated by another 
molecule of ethanol, which functions as a base: 


-Be C [= 
E 


G Br OOo—H OEt 


If we draw the resonance structure of the carbocation above, we can see that the positive charge is delocalized over two 
different carbon atoms. Attack by the ethanol nucleophile on the tertiary center (as shown below) leads to formation of 
the second product: 


FAM S on 
OE = = CD 


e 


Finally, the third product is formed via an El process. In the first step of the mechanism, loss of the leaving group 
generates a resonance-stabilized cation. Then, in the second (and final) step, ethanol functions as a base and removes a 


proton, giving the observed product. 


= Op =o 


7.97. In this target molecule, the only bond we know how to make (based on reactions covered thus far) is the one 
next to the cyano group: 


C Br 


H H 
l l o 
F cHen => F Ç—Br + ICEN: 
H H Good nucleophile 


Good electrophile for Sy2 
(primary benzylic substrate) 


Cyanide is a good nucleophile, and a primary substrate is ideal for an SN2 process, so these starting materials would 
lead to a good synthesis of 4-fluorophenylacetonitrile. As shown here, bromide was selected as the leaving group and 
NaCN can be used as a source of cyanide anion. Other variations are equally acceptable, including the use of different 
leaving groups (e.g., Cl, I, OTs): 


| NaCN | 
F C —— ——P3 F G= en 
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7.98. When comparing the starting compound to the target molecule, we note that the ester group is new, and the 
configuration of the adjacent chiral center has been inverted. The latter observation indicates that an SN2 process must 
be involved. So our retrosynthesis should focus on disconnection of the following bond: 


Ord 


We need a substrate with the opposite configuration (the leaving group should be on a wedge, rather than a dash), as 


> Ord = Om. 


Substrate (electrophile) | Good nucleophile 


This substrate must be made from the starting alcohol: 


>On = >O 


The best way to convert the OH group into a leaving group and retain its stereochemistry is with the use of tosyl 
chloride to make the tosylate. This tosylate can then function as the substrate in an Sn2 reaction. The forward 
synthesis is shown here: 


Se Quo Br Ono Se Ooh 


The use of a secondary substrate (for the Sn2 process) is reasonable in this case, since the nucleophile involved is not a 
strong base (the resonance-stabilized carboxylate anion is the conjugate base of a relatively acidic carboxylic acid), so 
there is little competition with E2. Back-side attack of the nucleophile results in inversion of stereochemistry to give 
the desired target molecule. 


7.99, Disconnection of bond a is a logical retrosynthesis that leads to a familiar nucleophile (an alkoxide ion) and a 
methyl substrate (ideal for Sn2): 


ee 
AA, ge + ^ 7TH 


Good nucleophile Good electrophile for S2 


Note that methyl iodide is chosen, rather than methyl bromide or methyl chloride, because methyl iodide is a liquid at 
room temperature (while methyl bromide and methyl chloride are gases at room temperature, making them more 
difficult to work with). The forward synthesis is shown here: 


PL a 
——— 
o9 Sw OCH; 


A similar disconnection of bond b reveals that a tertiary substrate would be required, and we have seen that Sn2 
processes do not occur with tertiary substrates. 
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gu um TP m + 9o -— cH; 


Tertiary alkyl halide Good nucleophile 
(cannot function as a 
substrate for Sy2) 


An Sn2 process won't work here. Instead, the alkoxide ion is expected to function as a base, giving E2 products. This 
issue can be overcome if we employ an Snl process instead, by using a weak nucleophile (an alcohol). 


"ws due 
g 0-cHs Br * HO-CH; 


Tertiary substrate Weak nucleophile 
(SN1 favorable) 


This Sn1 process would involve a tertiary carbocation (which would not rearrange), so it is expected to afford the target 


molecule, as shown: 
CH4OH 
pe PN 
Br Sy1 OCH; 


However, this process (solvolysis) is likely to produce competing E1 products, as well: 


Sn1 product 


E1 products 


Since one of the El products is a trisubstituted alkene, we might even expect for that E1 product to predominate. As 
such, this synthesis would not be efficient, because it may not provide the desired Sn1 product as the major product. 


In summary, our retrosynthetic analysis has uncovered two possible synthetic routes: an Sn2 process and an Sw1 
process. The Sn2 process is expected to be more efficient: 


[S 
o Sp2 OCH; 
7.100. 


(a) The first reaction (with TsCl and pyridine) transforms the OH group into a good leaving group (a tosylate) that 
undergoes an Sn2 reaction with sodium iodide. The net result of these two steps is the conversion of an alcohol to an 
alkyl iodide. 


Tse Nal OMe 
— 
CUN “pyridine ^. iw Sy2 eee 


In the final step of the process, the primary alkyl iodide is then treated with triphenylphosphine (PPh3), which functions 
as a nucleophile, giving another Sn2 reaction, to afford a phosphonium salt. 


Ph” | Ph 
OMe Ph OMe 
» Sy2 | — ph 
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The factors favoring this step are the leaving group and the nucleophile. Let’s explore each separately. The leaving 
group is one of the best leaving groups that could be used (because HI is one of the strongest acids, pKa = -10). The 
nucleophile is PPhs, which is an unusually strong nucleophile. Why is it such a strong nucleophile? Phosphorus is in 
the same column of the periodic table as nitrogen (5A), but it is in the third row, rather than the second row. As such, 
phosphorus is larger and more polarizable than nitrogen, and therefore more strongly nucleophilic. This argument is 
similar to the argument we saw in the text when we compared sulfur and oxygen. Recall that sulfur is larger and more 
polarizable than oxygen, and therefore, sulfur is very strongly nucleophilic (even if it lacks a negative charge). 
Similarly, PPh3 is a powerful nucleophile, even though it lacks a negative charge. 


(b) In the second step, one leaving group (tosylate) is replaced with another (iodide). Iodide is a better leaving group 
than tosylate, which renders the Sn2 process in step 3 more favorable. 


7.101. 
(a) The proton connected to the oxygen atom is the most acidic proton in compound 1, so it is removed upon treatment 


with a strong base. 
eQ9 
O: 


cous 
+ :OH 


1 2 


We can justify that hydroxide is a suitable base to achieve the conversion of 1 to 2, with either a qualitative argument 
(based on structural comparisons) or with a quantitative argument (based on pKa values) Let's start with the 
qualitative argument. Compare the structures of the anions on either side of the reaction. 


NS 
Oxi = Q: 


The negative charge in a hydroxide ion is localized on one oxygen atom, while the negative charge in the other anion is 
delocalized over one oxygen atom and five carbon atoms: 


We expect the anion on the product side to be more stabilized (via resonance delocalization), and a weaker base than 
hydroxide. The equilibrium will favor formation of the weaker base (the more stable anion). That is, hydroxide is a 
sufficiently strong base, because it is stronger (less stable) than anion 2. 


Alternatively, we can use a quantitative argument to justify why hydroxide is an appropriate base to use in this case. 
Specifically, we compare the pKa values of the acids on either side of the equilibrium. 


az 


o~ E Q: 
Qo: »— CO": em 


We know that the pKa of water is 15.7, but we need a way to assess the pKa of compound 1. When we explore Table 
3.1, we see that phenol is similar in structure, and has a pKa of 9.9. 
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CO o” 


2-naphthol phenol 


We expect the pKa of compound 1 (2-naphthol) to be more similar to the pKa of phenol than to the pKa of water. 
Therefore, we expect the pKa of compound 1 to be lower than the pKa of water, and the equilibrium will favor 
formation of the weaker acid. 


uO 


E Vu A. CO 7 o 
HE œ To "IB H 
pK, = 15.7 
1 2 
pK, ~ 10 


As such, hydroxide is a suitable base to favor deprotonation of compound 1. 


(b) Anion 2 is a strong nucleophile, and the substrate is primary, so an Sn2 process is expected. Anion 2 attacks n- 
butyl iodide and displaces the iodide leaving group (in a concerted, back-side attack), giving compound 3, as shown: 


O 9 OS as 


2 3 


7.102. 

(a) The substrate is tertiary, so we expect the reaction to proceed exclusively through an Sn1 pathway (steric crowding 
prevents Sn2 from competing). The first step of the mechanism involves loss of a bromide to give a carbocation, which 
is then captured by the MeOH nucleophile to produce an oxonium ion. Deprotonation of the oxonium ion gives the 
product, 2b. 


Ph ZO: 20: 
Ph A : p bat "CH Ph ks 4 "CH, Ph fH 
Ph Í Ph ©`Ph Php 499 Ppr] 9 
Ph Ph <H Ph 
1 2b 


(b) When bromide leaves, the resulting carbocation is benzylic to three different aromatic rings. As such, it is highly 
stabilized because the positive charge is delocalized over 10 carbon atoms via resonance (as shown). Since this 
intermediate is so stabilized (low in energy), we can infer that the transition state for formation of the carbocation will 
also be very low in energy (because any developing charge in the transition state is stabilized by resonance, just as seen 
in the intermediate carbocation). Since the transition state is low in energy, formation of the carbocation (which is the 
rate-determining step) will occur very rapidly. 
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PCI 


"P ELO ME NES 
e 3 

AC or: 
i» E e 


7.103. (b) There are 10 chiral centers (indicated below, each of 
(a) The trisubstituted x bond, indicated below, has the E which can be R or S), and there are three C=C a bonds 
configuration. The higher priority groups (highlighted (each of which can be E or Z). Thus, the number of 
below) are on opposite sides (E). possible stereoisomers is 2? = 8192. 


(c) The enantiomer of pladienolide B has the opposite 
configuration at each and every chiral center, but the 
configuration of each C=C n bond remains the same as 
in pladienolide B (in order to retain the mirror-image 
relationship with pladienolide B). 


(d) There are two ester groups (highlighted below) in 
pladienolide B. The following diastereomer is the result 
of inverting the configuration of the two chiral centers 
adjacent to the ester groups (indicated below with *). 


(e) In pladienolide B, the disubstituted x bond outside of 
the ring has the E configuration. The following is a 
diastereomer in which this disubstituted x bond 
(highlighted below) has the Z configuration: 


7.104 

(a) If compound 3 was properly dried, then it could be 
distinguished from compound 1 with IR spectroscopy. 
Specifically, compound 1 has an O-H bond, so we expect 
a broad signal in the range 3200-3600 cm'!, while 
compound 3 lacks such a bond, so its IR spectrum should 
lack a signal in the same range. 
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1 3 


In this way, we can verify whether the reaction has gone 
to completion, by looking for a signal in the range 3200- 
3600 cm! in the IR spectrum of the product. The 
absence of this signal verifies completion of the reaction. 
Since we are looking for the absence of an OH stretching 
signal, it is essential that the product is dried. Otherwise, 
the water molecules would give a signal exactly in the 
region of interest (because water has O-H bonds). This 
would prevent from us from being able to determine 
whether the reaction had gone to completion. 


(b) The conversion of 1 to 2a involves introduction of an 
OH group, which should produce a broad, easily 
detectable signal in the range 3200-3600 cm“. 
Therefore, by taking an IR spectrum of the product, we 
can verify formation of 2a by looking for a broad signal 
in the range 3200-3600 cmr!. In contrast, 2b and 2c do 
not have an OH group. As such, it will be difficult to 
distinguish the diagnostic regions of the IR spectra of 
compounds 1, 2b, and 2c. The utility of IR in 
spectroscopy in these cases must rely on analysis of the 
fingerprint region (C-Br stretch vs. C-O stretch), 
although fingerprint regions are often more difficult to 
interpret (except in the hands of a trained expert). 
Therefore, IR spectroscopy is not the best tool for 
verifying the conversion of 1 to either 2b or 2c. NMR 
spectroscopy would be a better tool for confirming 
completion of those reactions. 


7.105. Compound 2 is the nucleophile in this Sn2 
reaction. To see why, recall from Chapter 1 that a C-Li 
bond can be viewed as an ionic bond, in which the 


carbon atom has a lone pair and negative charge. 


Li i 


o 
[8 - sie; = [zs ~ Sines 


S 
This compound is indeed a very strong nucleophile, and 


it attacks the alkyl halide in an Sn2 process, as shown 
here: 


SiMe3 
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7.106. As described in the problem statement, dioxane can function as a nucleophile and attack (R)-2-octyl sulfonate in 
an Sn2 reaction, to form an inverted intermediate that can then undergo another Sn2 reaction with water. The product 
is (R)-2-octanol with an overall retention of stereochemistry, due to two successive Sn2 steps taking place. 


o 

v — ge 

AS o 0 QVI E eee 
[NNN 


(an oxonium ion) 


OH 


Since this process increases in frequency as the concentration of dioxane increases, the optical purity of (S)-2-octanol 
decreases as dioxane’s concentration is increased. 


7.107. 

(a) Compound 2 functions as a nucleophile, which means that the lone pair on the carbon atom will attack the substrate 
in an Sn2-type process. Based on the structure of the product (3), we can deduce that the oxygen atom attached to the 
tert-butyl group is attacked by the nucleophile. The leaving group is a resonance-stabilized anion (an acetate ion). 


e) 
o.| JL 
x D o 
me Pot t È AL. 
MgCl O 
2 3 Leaving group 


(b) The reverse process would involve an acetate ion functioning as a nucleophile and the expulsion of 2 as a leaving 
group. That is extremely unlikely to occur, because 2 is not a good leaving group. It is a very strong base, because its 
conjugate acid is an alkane, which is an extremely weak acid (compare pKa values of alkanes with other organic acids). 
Since 2 is not a stable, weak base, it cannot function as a leaving group. And as a result, the reaction is irreversible. 


(c) Since an alkoxide group (RO ) is a strong base and therefore a very poor leaving group, it must be protonated first, 
in either pathway. The Sn2 pathway involves a simultaneous nucleophilic attack and loss of a leaving group. This step 
is then followed by deprotonation to give the product. As expected for an Sn2 process, the nucleophilic attack occurs at 
the secondary position, rather than the sterically crowded tertiary position. 


The Snl pathway also begins with protonation of the oxygen atom to produce a better leaving group. But in this 
pathway, the leaving group first leaves to generate a carbocation, and only then does the nucleophile attack. As 
expected for an Snl process, loss of the leaving group generates a tertiary carbocation, rather than a secondary 
carbocation. In this case, the leaving group is the product (cyclopropanol). 
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HO H ^ S dk 
AC AC 


(d) As seen in both the Sn1 and Sn2 pathways, the by-product is tert-butanol. 
P4 


7.108. 

(a) The proposed mechanism is a concerted process that very closely resembles an E2 process. As such, we would 
expect this process to occur when the two bromine atoms are anti-periplanar to one another, as shown in the problem 
statement. If we perform the same reaction with a diastereomer of 1, we would expect a Z-alkene: 


CINES. 
Br H ok a 
CY ky 2 l 
GRO LO 
(DMF) 


A diastereomer of 1 Z-alkene 


But none of the Z-alkene is formed. The E isomer is obtained exclusively, which means that the preference for the E- 
isomer is not dependent on the configuration of the starting dibromide. The £-alkene is obtained either from 1 or from 
a diastereomer of 1. As such, the reaction does not appear to have a requirement for anti-periplanarity. This is 
evidence against a concerted mechanism. 


(b) The reaction is not considered to be stereospecific, because the preference for the E isomer is not dependent on the 
configuration of the starting dibromide. The reaction is stereoselective, because one configuration of the alkene 
product (the E isomer) is favored over the other. 


7.109. 
In the first reaction, the OH group is converted into a better leaving group. Notice that the configuration of the chiral 
center bearing the OH group does NOT change in the process (the substituent remains on a dash): 


TsCl 

i pyridine ‘ 
ey “OH Y^ “OTs 
COCH; COCH; 
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Then, the second reaction employs DBU which is a strong, sterically hindered base that generally does not function as a 
nucleophile. We therefore expect an E2 elimination process to occur. During an E2 process, the base removes a proton 
that is anti-periplanar to the leaving group. There are two B positions, each of which has one proton, but only one of 
these protons is anti-periplanar to the leaving group: 


NOT antiperiplanar to LG 


CO.CH, H3C0,C 


Antiperiplanar to LG 


“OTs H <=> NOT antiperiplanar to LG 


: 2 
uN 
tt m 
Il 
o 
Zo 


Antiperiplanar to LG 


Therefore, we expect the following E2 product: 


G0,CH; CO2CH3 


7.110. Compound 1 exhibits a mesylate group (OSO2CH3) as a good leaving group (described in Section 7.10). Upon 
its formation, compound 1 undergoes an intramolecular SN2-type reaction, in which the nitrogen atom functions as the 
nucleophile. This results in the formation of a three-membered nitrogen-containing ring fused to a six-membered ring 
(3). Notice the stereochemistry: the nitrogen atom displaced the mesylate from the back face of the molecule, resulting 
in inversion at the original chiral center. Next, an intermolecular Sn2 reaction occurs: the chloride ion attacks the three- 
membered ring at the least hindered site, resulting in the formation of the product (2). Notice that the configuration of 
the chiral center (that underwent inversion in the first SN2-type reaction) does not change during this second Sn2 
reaction (in this step, chloride attacks a carbon atom that is not a chiral center). 


7.111. 

(a) Table 7.1 indicates that bromide is expected to be a 
better leaving group than chloride, because bromide is a 
more stable base (HBr is a stronger acid than HCl). This 
is supported by the hydrolysis data. When we compare 
the rate of hydrolysis for PhCHCb (2.21 x 10^ /min) and 
PhCHBrCl (31.1 x 10* /min), we observe that the 
hydrolysis is faster for the substrate with the better 
leaving group. 


CI CI 
© 
o 
Hydrolysis 
product 
Cl 


Cl 
o 
(Br - Br C H20 


In both cases, the first step involves loss of a leaving 
group, and in both cases, the intermediate carbocation is 
the same. The only difference between these two 
reactions is the identity of the leaving group. According 
to the data provided, hydrolysis occurs more rapidly 
when the leaving group is bromide (31.1 x 10^ /min) 
rather than chloride (2.21 x10^/min). This is consistent 
with the expectation that bromide is a better leaving 
group than chloride. 


(b) If we compare the rates of hydrolysis for PhCH2CI 
(0.22 x 10^ /min) and PhCHCI (2.21 x 10^ /min) we find 
that the presence of a chloro group (attached to C+) 
causes an increased rate of hydrolysis. A similar trend is 
observed if we compare PhCHCl2 (2.21 x 104 /min) and 
PhCCl; (110.5 x 10^ /min). Therefore, we can conclude 
that a chloro group will stabilize a carbocation (if the 
chloro group is attached directly to C+ of the 
carbocation). This stabilizing effect is unlikely to be 
caused by induction, because we expect the chloro group 
to be electron-withdrawing via induction, which would 
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destabilize the carbocation (rather than stabilize it). 
Instead, the effect must be explained with resonance, 
which overwhelms the inductive effect. Specifically, the 
presence of a chloro group stabilizes the carbocation 
intermediate by delocalizing the charge via resonance. 


iC SE 
C | 
© 


<=—_ > 


(c) If we compare the rates of hydrolysis for PhCHBr? 
(6.85 x 104/min) and PhCBr3 (1131 x 10*/min), we find 
that the presence of a bromo group (attached to C+) 
causes an increased rate of hydrolysis. This is likely 
explained by resonance stabilization of the carbocation, 
just as we saw in part (b). 


(d) Compare hydrolysis of PhCHBrCl (31.1 x 10+ /min) 
with hydrolysis of PhCHBro (6.85 x 10* /min). In both 
cases, the identity of the leaving group is the same 
(bromide). But the resulting carbocations are different. 


:Cl: :Br: 
® ® 


Comparing the rates of hydrolysis indicates that an 
adjacent chloro group more effectively stabilizes a 
carbocation than an adjacent bromo group. 


(e) Comparison of PhCHCb (2.21 x 10^ /min) versus 
PhCHBr (6.85 x 10^ /min) suggests that the better 
leaving group ability of the bromide ion is more 
important than the greater carbocation stability afforded 
by the chlorine atom via resonance. 
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7.112. The sulfur atom provides anchimeric assistance via an intramolecular Sn2-type reaction. That is, a lone pair on 
the sulfur atom functions as a nucleophile, ejecting the leaving group (causing the liberation of SO? gas, as described in 
the problem statement) to form an intermediate with a positively charged sulfur atom in a three-membered ring. This 
intermediate is then attacked by a chloride ion (an intermolecular Sn2) to give 3. Each of these two steps proceeds with 
inversion of configuration, as expected, which gives a net overall retention of configuration. 


7.113. 

(a) When compound 1a is treated with TsCl and pyridine, the OH group is converted to OTs (a better leaving group). 
If sodium acetate functions as a base, an E2 process must occur to give alkene 2a. Notice that the axial f proton 
(highlighted) is removed, since that proton is anti-periplanar with the leaving group. The equatorial proton is not anti- 
periplanar with the leaving group. 


MI 


CH3 
TsCl 
pyridine 


(b) We know that the axial proton (or deuteron) is removed in the elimination step. In compound 1b, the axial position 
is occupied by a deuteron, so the deuteron is removed in the E2 elimination, and the product (2b) will not contain 
deuterium (and thus, 2b is the same as 2a). In compound 1c, the axial position is occupied by a proton, which is 
removed during the elimination step. The deuteron in le is in an equatorial position, so it survives the reaction. 
Compound 2c will be deuterated, as seen below: 


MIU 


CH3 CH3 


aw 


Hc (H Hac. D 


O~ 
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7.114. 

(a) In order to compare the strength of these four bases, we can compare the pKa values of their conjugate acids (see 
the pK; table at the beginning of the textbook). Benzoic acid (pKa = 4.8) is more acidic than phenol (pKa = 9.9), which 
is in turn more acidic than trifluoroethanol (pKa = 12.5), which is more acidic than ethanol (pKa = 16.0): 


Decreasing acidity 


> 
aw: “on oH 
Ka= 4.8 Ka = 9.9 Ka 7 12.5 pKa = 16.0 


Therefore, basicity is expected to increase in the order that the bases were presented. That is, potassium benzoate is the 
weakest base (among the four bases listed), because it is the conjugate base of the strongest acid. Ethoxide is the 
strongest base in the group, because it is the conjugate base of the weakest acid. 


Increasing basicity 


Ò 
o? o? 
CY pa or — ue? 


The data indicates that the percentage of 1-butene increases as the basicity of the base increases. This observation can 
also be stated in the following way: the preference for formation of the more-substituted alkene (the Zaitsev product) 
decreases as the base strength increases. A stronger base is a more reactive base. So we see that there is an inverse 
relationship between reactivity and selectivity. Specifically, a more-reactive reagent results in lower selectivity, while 
a less-reactive reagent results in higher selectivity. This is a trend that we will encounter several times throughout the 
remaining chapters of the textbook, so it would be wise to remember this trend. 


(b) Based on the pK; value of 4-nitrophenol, we can conclude that it is more acidic than phenol, but not quite as acidic 
as benzoic acid. Based on our answer for part (a), we would expect that the conjugate base of 4-nitrophenol will be a 
stronger base than potassium benzoate, but a weaker base than potassium phenoxide. As such, we expect the 
selectivity to be somewhere in between the selectivity of potassium benzoate and potassium phenoxide. So we would 
expect that the percentage of 1-butene should be somewhere between 7.2% and 11.4%. 


Chapter 8 
Addition Reactions of Alkenes 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 8. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e Addition reactions are thermodynamically favorable at — temperature and disfavored at 
temperature. 

e  Hydrohalogenation reactions are regioselective, because the halogen is generally installed at the 

substituted position, called addition. 

e In the presence of , addition of HBr proceeds via an anti-Markovnikov addition. 

e The regioselectivity of an ionic addition reaction is determined by the preference for the reaction 
to proceed through 

e  Acid-catalyzed hydration is inefficient when 
Dilute acid favors formation of the 


are a concern. 
, while concentrated acid favors the 


e Oxymercuration-demercuration achieves hydration of an alkene without 


can be used to achieve an anti-Markovnikov addition of water 
across an alkene. The reaction is stereospecific and proceeds via a addition. 

e Asymmetric hydrogenation can be achieved with a catalyst. 

e Bromination proceeds through a bridged intermediate, called a 
is opened by an Sn2 process that produces an addition. 

e A two-step procedure for anti dihydroxylation involves conversion of an alkene to an ; 
followed by acid-catalyzed ring opening. 


, which 


e Ozonolysis can be used to cleave a double bond and produce two groups. 
e The position of a halogen or OH group can be changed via followed by 
e The position of a x bond can be changed via followed by 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 8. The answers appear in the section entitled SkillBuilder Review. 


8.1 Drawing a Mechanism for Hydrohalogenation 


Step 1 - Draw two curved arrows showing 
protonation of the alkene, and draw the 
carbocation that is preferentially formed. 


= + X — 


8.2 Drawing a Mechanism for Hydrohalogenation with a Carbocation Rearrangement 


Step 2 - Draw one curved arrow that shows the halide 
ion attacking the carbocation, and draw the product. 


Step 1 - Draw two curved arrows showing 
protonation of the alkene, and draw the 
carbocatian that is initially formed. 


SAL 


H— CI 


Step 2 - Draw one curved arrow showing 
a carbocation rearrangement, and draw 
the resulting, more stable carbocation. 


Step 3 - Draw one curved arrow 
showing the halide ion attacking the 
carbocation, and draw the product. 


UC 


8.3 Drawing a Mechanism for an Acid-Catalyzed Hydration 
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Step 1 - Draw two curved arrows 
showing protonation of the alkene, and 
draw the resulting carbocation. 


Step 2 - Draw one curved arrow 
showing water attacking the 
carbocation, and draw the resulting 


Step 3 - Draw two curved arrows 
showing deprotonation of the oxonium 
ion, and draw the resulting product. 


oxonium ion. 


| DD DD 
®© 4M ^. 
OL pon ZOL 
H^UH H H H H 


8.4 Predicting the Products of Hydroboration-Oxidation 


Draw the expected products of the following reaction sequence, and determine their relationship. 


et .DBHeTHE BHs: THF 
2) H202, NaOH H202, NaOH 


Relationship = 


8.5 Predicting the Products of Catalytic Hydrogenation 


Draw the expected products of the following reaction, and determine their relationship. 


ee) 


Relationship = 


8.6 Predicting the Products of Halohydrin Formation 


Draw the expected products of the following reaction, and determine their relationship. 


ae) 


Relationship = 


8.7 Drawing the Products of Anti Dihydroxylation 


Draw the expected products of the following reaction, and determine their relationship. 


1)RCOsH — 
2) H30* $ 


Relationship = 
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8.8 Predicting the Products of Ozonolysis 


Draw the expected products of the following reaction: 


= 1) O3 " 
2) DMS 


8.9 Predicting the Products of an Addition Reaction 


Draw the expected products of the following reaction: 


1) BH3* THF 
— > + 


2) H505, NaOH 


8.10 Proposing a One-Step Synthesis 


Identify reagents that will achieve the following transformation: 
|) i» 
dud - (3 


8.11 Changing the Position of a Halogen or OH Group 


Identify reagents that will achieve the following transformation: 
M RES 
Ty Eu E 
» 
o( jJ 


8.12 Changing the Position of a x Bond 


Identify reagents that will achieve the following transformation: 
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Review of Reactions 

Identify the reagents necessary to achieve each of the following transformations. To verify that your answers 
are correct, look in your textbook at the end of Chapter 8. The answers appear in the section entitled Review 
of Reactions. 


Review of Mechanisms 

Complete each of the following mechanisms by drawing the missing curved arrows. To verify that your 
curved arrows are drawn correctly, compare them to the curved arrows in the mechanism boxes for 
Mechanisms 8.1 — 8.6, which can be found throughout Chapter 8 of your text. 


Mechanism 8.1 Hydrohalogenation 


Br H 


H 
H—B is 
> ME SB 9—( + Br? ———— -FA 


Mechanism 8.2 Acid-Catalyzed Hydration 
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Mechanism 8.3 Hydroboration-Oxidation 


Hydroboration ; : 
The previous step is repeated 
H H for each B-H bond R H 
Abe eese ou fee LI. Pu 
H^ ^u n R^ ^R x RH 
H 
Oxidation R 
R 
B 
M 9 o R^ ^R ecm 
po * OH = pe + HO — / j 
H H WM R 
The previous two steps | 
OH ©.. are repeated for each R 
-OH B OR B-R bond | 
RO—B—OR -< `> ^B^ — OV UR 
[ 
OR OR | 
R 
OH oO 
H^ ^H 
RO—B—OR + RO ROH 


Mechanism 8.5 Halohydrin Formation 
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Mechanism 8.6 Anti Dihydroxylation 


Formation of an Epoxide 
H H 
/ \ 
CF 0 0 —- Coo , O 
\ 
ok o= 
R R 


Acid-Catalyzed Opening of an Epoxide 


"ood 
/ ] 
Ò H—O® 'o6 * 
GN O o: 
/ \ H / \ H^ ^u OH u^ `H OH 
— ——- * En N d * En 
pom OH 
H © `H 


Common Mistakes to Avoid 


This chapter introduces several stereospecific addition reactions. Some of them occur exclusively via a syn 
addition (such as hydrogenation or hydroboration-oxidation), while others occur exclusively via an anti 
addition (such as bromination or halohydrin formation). When drawing the products of a stereospecific 
addition reaction, be careful to avoid drawing a wedge or a dash on a location that is not a chiral center. For 
example, consider the following syn dihydroxylation. In such a case, it is tempting for students to draw the 
products as if they have two chiral centers, like this: 


Z OH 
————————— 
2) NaHSO;, H20 i F P 


Don't Don't 
draw it like this draw it like this 


This mistake is understandable — after all, the two OH groups are indeed added in a syn fashion. But the 
product does not contain two chiral centers. It has only one chiral center. As such, the products should be 
drawn like this: 


z OH 
ae d "a LO o 
————————— 
2) NaHSO3, H;O f 


Notice that the stereochemical requirement for syn addition is not relevant in this case, because only one 
chiral center is formed. As such, both enantiomers are produced, because syn addition can occur on either 
face of the alkene to give either enantiomer. 
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Useful reagents 
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The following is a list of commonly encountered reagents for addition reactions: 


Reagents Name of Reaction Description 
; Treating an alkene with this reagent gives Markovnikov 
HA Hyorehalogenanion addition of H and X across the alkene. 
RE Treating an alkene with these reagents gives anti- 
HBL ROGOR Hy drobre anon Markovnikov addition of H and Br across the alkene. 
. ; Treating an alkene with this reagent gives Markovnikov 
{i 
H3O BICI Maranon addition of H and OH across the alkene. 
; Treating an alkene with these reagents gives 
1) Hg(OAc)2, H20 z : e 
) H&(OAcy, Ho pides ue Markovnikov addition of H and OH across the alkene, 
2) NaBH, oars: without any carbocation rearrangements. 
: Treating an alkene with these reagents gives anti- 
1) BH; * THF z 
HD T Markovnikov addition of H and OH across the alkene. 
2) H202, NaOH 2 A The reaction proceeds exclusively via a syn addition. 
] Treating an alkene with these reagents gives syn 
Ho Rt Hydrogenation addition of H and H across the alkene. 
B Bromünätiön Treating an alkene with this reagent gives anti addition 
" n È of Br and Br across the alkene. 
Halohydrin Treating an alkene with these reagents gives anti 
Bro, H20 f in d addition of Br and OH across the alkene, with the OH 
T o group being installed at the more substituted position. 
1) RCO;H Anti Treating an alkene with a peroxy acid (RCO3H) converts 
A Dihydroxvlation the alkene into an epoxide, which is then opened upon 
2) H30 ee treatment with aqueous acid to give a trans-diol. 
KMnO;, NaOH, ; . Treating an alkene with these reagents gives syn 
cold Sn Diara ylation addition of OH and OH across the alkene. 
1) OsO4 i : Treating an alkene with these reagents gives syn 
2) NaHSO;, H2O Syn Dihydroxylation addition of OH and OH across the alkene. 
Ozonolysis of an alkene causes cleavage of the C=C 
1) O3 . ae ; 
Ozonolysis bond, giving two compounds, each of which possesses a 
2) DMS C-O bond. 
Solutions 
8.1. 


(a) We begin by identifying the parent. The longest chain 
is six carbon atoms, so the parent is hexene. There is one 
substituent (highlighted), which is a methyl group. 


1 5 
dd d 


With respect to the x bond, the parent could be numbered 
from either direction (either way, the double bond will be 
between C3 and C4), but in this case, we must assign 
numbers from left to right to give the substituent the lower 
possible number (C3 rather than C4). We include a locant 
that identifies the position of the double bond (‘3” 
indicates that the double bond is located between C3 and 
C4), as well as a locant to identify the position of the 


substituent. Furthermore, we must include the 


configuration of the double bond (£): 


5 
1 din did 
(E)-3-methyl-3-hexene 


(b) We begin by identifying the parent, which must 
include the two carbon atoms bearing the double bond. 
The longest possible chain has five carbon atoms, so the 
parent is pentene. There is more than one choice for the 
parent, and we choose the parent with the greater number 
of substituents: 

1 2 


NBC 


There are two substituents (highlighted): a methyl group 
and an ethyl group. The parent is numbered to give the 
double bond the lowest possible number (C2). Therefore, 
the ethyl group is located at C3, and the methyl group is 
located at C4. These groups are arranged alphabetically, 
together with their locants, in the name. Finally, we must 
include the configuration of the double bond (£) at the 
beginning of the name: 


1 2 
NUM 
5 


(E)-3-ethyl-4-methyl-2-pentene 


(c) We begin by identifying the parent. The longest chain 
is seven carbon atoms, so the parent is heptene. There are 
three substituents (highlighted), all of which are methyl 
groups. Notice that the parent chain is numbered starting 
from the side that is closest to the m bond. According to 
this numbering scheme, the methyl groups are located at 
C2, C3, and C5. Finally, we use the prefix “tri” to indicate 
the presence of three methyl groups, and we include a 
locant that identifies the position of the double bond (“2” 
indicates that the double bond is located between C2 and 
C3): 


2,3,5-trimethyl-2-heptene 


Note that the C2 position is connected to two methyl 
groups, so the double bond is not stereoisomeric (neither 
E nor Z). 


(d) We begin by identifying the parent. The longest chain 
is seven carbon atoms, so the parent is heptene. There are 
two substituents — a methyl group and an ethyl group 
(highlighted). Notice that the parent chain is numbered 
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starting from the side that is closest to the m bond. 
According to this numbering scheme, the methyl group is 
located at C2, and the ethyl group is located at C3. 
Finally, we arrange the substituents alphabetically, and we 
include a locant that identifies the position of the double 
bond: 


3-ethyl-2-methyl-2-heptene 


Note that the C2 position is connected to two methyl 
groups, so the double bond is not stereoisomeric (neither 
E nor Z). 


(e) We begin by identifying the parent. The longest chain 
(containing the double bond) is five carbon atoms, so the 
parent is pentene. There are three substituents — an 
isopropyl group and two methyl groups (highlighted). 
Notice that the parent chain is numbered starting from the 
side that is closest to the x bond. According to this 
numbering scheme, the isopropyl group is located at C3, 
and the methyl groups are located at C2 and C4. Finally, 
we arrange the substituents alphabetically, and we include 
a locant that identifies the position of the double bond: 


3-isopropyl-2,4-dimethyl-1-pentene 


Note that the C1 position is connected to two hydrogen 
atoms, so the double bond is not stereoisomeric (not E or 


Recall that the systematic name for an isopropyl group is 
“1-methylethyl.” In this case, renaming the substituent 
also changes the alphabetical order of the substituents. 
The following is an alternative name: 


2,4-dimethyl-3-(1-methylethyl)-1-pentene. 


(f) We begin by identifying the parent. The longest chain 
is seven carbon atoms, so the parent is heptene. There is 
one substituent — a tert-butyl group (highlighted). Notice 
that the parent chain is numbered starting from the side 
that is closest to the t bond. According to this numbering 
scheme, the tert-butyl group is located at C4. Finally, we 
include a locant that identifies the position of the double 
bond: 


4-tert-butyl-1-heptene 
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Note that the C1 position is connected to two hydrogen 
atoms, so the double bond is not stereoisomeric (not E or 


Recall that the systematic name for a tert-butyl group is 
*1,]-dimethylethyl," so the following is an alternative 
name: 

4-(1,1-dimethylethyl)-1-heptene 


(g) We begin by identifying the parent. The longest 
possible chain has eight carbon atoms, so the parent is 
octene. There are five substituents (highlighted). With 
respect to the x bond, the parent could be numbered from 
either direction (either way, the double bond will be 
between C4 and C5), but in this case, we must assign 
numbers from left to right to give the second substituent 
the lower possible number (2,2,7-trimethyl, rather than 
2,7,7-trimethyl). We include a locant to identify the 
position of the double bond. Substituents are arranged 
alphabetically, together with their locants, in the name. 
Furthermore, we must include the configuration of the 
double bond (£) at the beginning of the name: 


(E)-4,5-diethyl-2,2, 7-trimethyl-4-octene 


(h) We begin by identifying the parent. The longest 
possible chain has seven carbon atoms, so the parent is 
heptene. There are six substituents (highlighted). The 
parent is numbered from left to right to give the double 
bond the lower possible number. Substituents are 
arranged alphabetically (ethyl before methyl), together 
with their locants, in the name. Furthermore, we must 
include the configuration of the double bond (£) at the 
beginning of the name: 


(E)-3-ethyl-2,2,4,5,5-pentamethyl-3-heptene 


8.2. 

(a) The parent is five carbon atoms (pentene), with the 
double bond between C2 and C3. There are three 
substituents — an isopropyl group at C3, and two methyl 
groups at C2 and C4: 


3-isopropyl-2,4-dimethyl-2-pentene 


(b) The parent is six carbon atoms (hexene), with the 
double bond between C2 and C3. There are two 
substituents — an ethyl group at C4, and a methyl group at 
C2: 


4-ethyl-2-methyl-2-hexene 


(c) The parent is a four-membered ring (cyclobutene). 
There are two substituents located at C1 and C2, which 
are (by definition) the positions bearing the double bond: 


1,2-dimethylcyclobutene 


8.3. We begin by identifying the parent, which is bicyclic 
in this case. The parent is bicyclo[2.2.1]heptene. There 
are two substituents (highlighted), both of which are 
methyl groups. Notice that the parent chain is numbered 
starting from one of the bridgeheads, as seen in Section 
4.2, which places the double bond between C2 and C3. 
According to this numbering scheme, the methyl groups 
are also located at C2 and C3. Finally, we include a locant 
that identifies the position of the double bond (C2). 


2,3-dimethylbicyclo[2.2.1]hept-2-ene 
8.4. 


(a) This alkene is trisubstituted because there are three 
carbon atoms (highlighted) connected to the double bond: 


C 


trisubstituted 


(b) This alkene is disubstituted because there are two 
carbon atoms (highlighted) connected to the double bond: 


et 


disubstituted 


(c) This alkene is trisubstituted because there are three 
carbon atoms (highlighted) connected to the double bond. 


Notice that one of the groups counts twice because it is 
connected to both vinylic positions: 


this substituent 


: er counts twice 


trisubstituted 


(d) This alkene is trisubstituted because there are three 
carbon atoms (highlighted) connected to the double bond: 


AS 


trisubstituted 


(e) This alkene is monosubstituted because there is only 
one carbon atom (highlighted) connected to the double 


bond: 
ds 


monosubstituted 


8.5. 

(a) An alkene is treated with HBr (in the absence of 
peroxides), so we expect a Markovnikov addition of H and 
Br across the x bond. That is, Br is installed at the more 


substituted position: 


(b) An alkene is treated with HBr in the presence of 
peroxides, so we expect an anti-Markovnikov addition of 
H and Br across the x bond. That is, Br is installed at the 


less substituted position: 


(c) An alkene is treated with HBr (in the absence of 
peroxides), so we expect a Markovnikov addition of H and 
Br across the x bond. That is, Br is installed at the more 


substituted position: 
)— [oe 


(d) An alkene is treated with HCl, so we expect a 
Markovnikov addition of H and Cl across the x bond. 
That is, Cl is installed at the more substituted position: 


"oa sg 


TROR -. 
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(e) An alkene is treated with HI, so we expect a 
Markovnikov addition of H and I across the x bond. That 
is, iodine is installed at the more substituted position: 


I 
E Woo E 


(f) An alkene is treated with HBr in the presence of 
peroxides, so we expect an anti-Markovnikov addition of 
H and Br across the x bond. That is, Br is installed at the 
less substituted position: 

Br 


8.6. 

(a) The desired transformation is a Markovnikov addition 
of H and Br across the x bond. This can be achieved by 
treating the alkene with HBr (in the absence of peroxides). 


dor = ey 
——- 


(b) The desired transformation is an anti-Markovnikov 
addition of H and Br across the x bond. This can be 
achieved by treating the alkene with HBr in the presence 


of peroxides. 
(a) In this reaction, H and Br are added across the alkene 


8.7. 

in a Markovnikov addition, which indicates an ionic 
process. There are two mechanistic steps in the ionic 
addition of HBr across an alkene: 1) proton transfer, 
followed by 2) nucleophilic attack. In the first step, a 
proton is transferred from HBr to the alkene, which 
requires two curved arrows, as shown below. The 
resulting, tertiary carbocation is then captured by a 
bromide ion in the second step of the mechanism. This 
step requires. one curved arrow, going from the 
nucleophile to the electrophile, as shown: 


Im 5 n^ s 


(b) In this reaction, H and Cl are added across the alkene 
in a Markovnikov addition. There are two mechanistic 
steps in the ionic addition of HCl across an alkene: 1) 
proton transfer, followed by 2) nucleophilic attack. In the 
first step, a proton is transferred from HCl to the alkene, 
which requires two curved arrows, as shown below. The 
resulting, tertiary carbocation is then captured by a 
chloride ion in the second step of the mechanism. This 
step requires. one curved arrow, going from the 
nucleophile to the electrophile, as shown: 


E 
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steps in the ionic addition of HCl across an alkene: 1) 
proton transfer, followed by 2) nucleophilic attack. In the 
first step, a proton is transferred from HCl to the alkene, 
which requires two curved arrows, as shown. The 
resulting, tertiary carbocation is then captured by a 
chloride ion in the second step of the mechanism. This 
step requires one curved arrow, going from the 
nucleophile to the electrophile, as shown: 


N o 
( We RE. 
(c) In this reaction, H and Cl are added across the alkene — — 0 == 


in a Markovnikov addition. There are two mechanistic 


8.8. Compound 1 has two C=C double bonds and each of them can react with HCl in an ionic reaction (Markovnikov 
addition). Indeed, the molecular formula of compound 2 indicates that two addition reactions must have occurred, 
because compound 2 has two Cl atoms. We will consider each addition process separately, and in each case, we will 
focus on the regiochemical outcome. Let's begin by drawing a mechanism for the addition of HCI to the double bond 
that is adjacent to the methoxy (OCH3) group). In the first step, a proton is transferred from HCl to the double bond, 
giving the more stable carbocation. This step requires two curved arrows: 


E chem - 
— con. « 9 OCH, + CE 


This carbocation is the more stable carbocation because it is stabilized by resonance, as shown: 


f: ® 
OCH;  <—> OCH; 


Indeed, the second resonance structure has completely filled octets, rendering this cationic intermediate particularly 
stable. Then, in the second step of the process, the cation is captured by a chloride ion to generate an alkyl chloride. This 
step requires one curved arrow: 


Pm Ci 
OCH3 ay 
OCH3 


The other C=C bond also reacts with HCI via a similar two-step process: 


— cens m—— —@ \ oon, ——_ ma 
cu "uii 


First, a proton is transferred from HCl to the double bond, giving the more stable tertiary carbocation (rather than a 
secondary carbocation). This carbocation is then captured by a chloride ion to generate a tertiary alkyl chloride. 

In summary, there are two addition processes, and each of them occurs, one after the other, to produce a 
dichloride with predictable regiochemistry. When drawing a complete mechanism, make sure to draw each step 
separately. That is, draw one process followed by the other. Either process can be drawn first. Both possibilities are 
shown here: 
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Possibility #1 Possibility #2 


an 


0:0 
ux 
I 
e 
| 
o 
O 
E 
e 


: ? | 
:CI : 
Cl: Cl: 
‘Cl OCH3 :Cl OCHs 
Compound 2 Compound 2 


While both possibilities are certainly acceptable, the order of events in possibility #1 is more likely, due to the initial 
formation of the more stable (resonance-stabilized) intermediate. 


8.9. 

(a) In this case, Markovnikov addition of HBr involves CI 

the formation of a new chiral center. As such, we expect N HCI PS CA 
both possible stereochemical outcomes. That is, we 


expect a pair of enantiomers, as shown: . . 2. . 
(c) In this case, Markovnikov addition of HBr involves 


the formation of a new chiral center. As such, we expect 


HBr 
ENS both possible stereochemical outcomes. That is, we 
expect a pair of enantiomers, as shown: 
+ 
g os mE HBr 
3 Br Br -r 


enantiomers 


enantiomers 
(b) In this case, Markovnikov addition of HCI does not 
involve the formation of a new chiral center (the a carbon (d) In this case, Markovnikov addition of HI involves the 
of the resulting alkyl halide bears two propyl groups): formation of a new chiral center. As such, we expect both 
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possible stereochemical outcomes. That is, we expect a 
pair of enantiomers, as shown: 


ran 


V v J 


enantiomers 


In, 


ae) 


(e) In this case, Markovnikov addition of HCl does not 
involve the formation of a new chiral center (the a carbon 
of the resulting alkyl halide bears two methyl groups): 


(f) In this case, addition of HCl involves the formation of 
a new chiral center. As such, we expect both possible 
stereochemical outcomes. That is, we expect a pair of 
enantiomers, as shown: 


CI Cl 
HCI H 
œ~ De B oa 
X: vV J 
enantiomers 


Note that the starting alkene is symmetrical, so there is 
only one regiochemical outcome. 


8.10. 

(a) Protonation of the alkene requires two curved arrows, 
as shown, and leads to the more stable, secondary 
carbocation (rather than a primary carbocation). This 
secondary carbocation then undergoes a hydride shift, 
shown with one curved arrow, generating a more stable, 
tertiary carbocation. In the final step (nucleophilic 
attack), the carbocation is captured by a bromide ion. This 
step requires one curved arrow, going from the 
nucleophile (bromide) to the  electrophile (the 
carbocation), as shown: 


[œ~ 


cr 


H—Br 


(b) Protonation of the alkene requires two curved arrows, 
as shown, and leads to the more stable, secondary 


carbocation (rather than a primary carbocation). This 
secondary carbocation then undergoes a hydride shift, 
shown with one curved arrow, generating a more stable, 
tertiary carbocation. In the final step (nucleophilic 
attack), the carbocation is captured by a bromide ion. This 
step requires one curved arrow, going from the 
nucleophile (bromide) to the electrophile (the 
carbocation), as shown: 


foa g 


Hydride 
Shift 


(c) Protonation of the alkene requires two curved arrows, 
generating a secondary carbocation. This secondary 
carbocation then undergoes a methyl shift, shown with 
one curved arrow, generating a more stable, tertiary 
carbocation. In the final step of the mechanism 
(nucleophilic attack), the carbocation is captured by a 
chloride ion. This step requires one curved arrow, going 
from the nucleophile (chloride) to the electrophile (the 
carbocation), as shown: 


Pant 


Jo 


Shift 


e, 


(a) The mechanism begins with protonation of the carbon- 
carbon double bond to form a tertiary carbocation. This 
step requires two curved arrows: 


| Methyl 


Although both ends of the double bond are doubly 
substituted, and therefore would yield a tertiary 


carbocation, only structure 2 can enable the subsequent 
rearrangement. 

Next, the highlighted carbon atom shifts, giving the 
rearrangement shown. This step requires one curved 
arrow: 


In the final step of the mechanism, a bromide ion 
(produced in the first step) captures the carbocation to 
form an alkyl bromide. This step requires one curved 
arrow: 


(b) This rearrangement involves a ring expansion, and it 
is favorable because ring strain is released when a strained 
four-membered ring becomes a more stable five- 
membered ring, even though the resulting carbocation is 
secondary rather than tertiary. 


8.12. 

(a) The second compound is expected to be more reactive 
toward acid-catalyzed hydration than the first compound, 
because the reaction proceeds via a tertiary carbocation, 
rather than via a secondary carbocation, as shown. 


(M o F 


Secondary Tertiary 


(more stable) 


(b) Begin by drawing the compounds: 


AE SK 


2-Methyl-2-butene 3-Methyl-1-butene 

The first compound (2-methyl-2-butene) is expected to be 
more reactive toward acid-catalyzed hydration than the 
second compound, because the reaction proceeds via a 
tertiary carbocation, rather than a secondary carbocation. 
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SUN 


eo 
Secondary 


AL 


Tertiary 
(more stable) 


8.13. 

(a) To favor the alcohol, dilute sulfuric acid (mostly 
water) is used. The presence of a lot of water favors the 
alcohol, according to Le Chátelier's principle. 

(b) To favor the alkene, concentrated sulfuric acid (which 
has less water than dilute acid) is used. With less water 
present, the alkene is favored, according to Le Chatelier’s 
principle. 


8.14. 

(a) Water (H and OH) is added across the alkene in a 
Markovnikov fashion. The mechanism is expected to 
have three steps: 1) proton transfer, 2) nucleophilic attack, 
and 3) proton transfer. In the first step, a proton is 
transferred from H3O* to the alkene, which requires two 
curved arrows, as shown. The resulting tertiary 
carbocation is then captured by a water molecule in the 
second step of the mechanism. This step requires one 
curved arrow, going from the nucleophile (water) to the 
electrophile (the carbocation). Then, in the final step of 
the mechanism, a molecule of water functions as a base 
and removes a proton, thereby generating the product. 
This final step is a proton transfer step, and therefore 
requires two curved arrows, as shown: 


22 


H 
x 
se X^ 


ZOS © 


/ 


H 
H700 
\ 


(b) Water (H and OH) is added across the alkene in a 
Markovnikov fashion. The mechanism is expected to 
have three steps: 1) proton transfer, 2) nucleophilic attack, 
and 3) proton transfer. In the first step, a proton is 
transferred from H3O* to the alkene, which requires two 
curved arrows, as shown below. The resulting tertiary 
carbocation is then captured by a water molecule in the 
second step of the mechanism. This step requires one 
curved arrow, going from the nucleophile (water) to the 
electrophile (the carbocation). Then, in the final step of 
the mechanism, a molecule of water functions as a base 
and removes a proton, thereby generating the product. 
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This final step is a proton transfer step, and therefore 
requires two curved arrows, as shown: 


M 
"UT 
© ND 
| TNT 
C. ~y 


a N P 
HDH — 


(c) Water (H and OH) is added across the alkene in a 
Markovnikov fashion. The mechanism is expected to 
have three steps: 1) proton transfer, 2) nucleophilic attack, 
and 3) proton transfer. In the first step, a proton is 
transferred from H30* to the alkene, which requires two 
curved arrows, as shown. The resulting tertiary 
carbocation is then captured by a water molecule in the 
second step of the mechanism. This step requires one 
curved arrow, going from the nucleophile (water) to the 
electrophile (the carbocation). Then, in the final step of 
the mechanism, a molecule of water functions as a base 
and removes a proton, thereby generating the product. 
This final step is a proton transfer step, and therefore 


requires two curved arrows, as shown: 


u^? 


( . HOH 
p. Ge 


H 


Cae i 


ds 
8.15. 


(a) Methanol (H and OCHS) is added across the alkene in 
a Markovnikov fashion. The reaction is extremely similar 
to the addition of water across an alkene under acid- 
catalyzed conditions, so we expect the mechanism to have 
three steps: 1) proton transfer, 2) nucleophilic attack, and 
3) proton transfer. In the first step, a proton is transferred 
from CH3OH^»' to the alkene, which requires two curved 
arrows, as shown below. The resulting tertiary 
carbocation is then captured by a molecule of methanol in 
the second step of the mechanism. This step requires one 
curved arrow, going from the nucleophile (methanol) to 
the electrophile (the carbocation). Then, in the final step 
of the mechanism, a molecule of methanol functions as a 


base and removes a proton, thereby generating the 
product. This final step is a proton transfer step, and 


therefore requires two curved arrows, as shown: 
pues 


H 
H709 
\ 
B a^ i 
Jo 
| H Me 


E H Me Pn 


(b) The reactant is acyclic (it does not have a ring), and 
the product is cyclic, indicating an intramolecular 
reaction. We can justify an intramolecular reaction if we 
inspect the cation that is obtained upon protonation of the 
alkene: 


/ 
H TOS 


H 
OH OH 


Electrophilic 
center 


Nucleophilic 
center 


Notice that this intermediate exhibits both an electrophilic 
center and a nucleophilic center. That is, the reactive 
centers are tethered together, via a chain of methylene 
(CH2) groups. As such, a ring is formed in the following 
intramolecular nucleophilic attack, which is shown with 
one curved arrow: 


Finally, water functions as a base and removes a proton, 
thereby generating the product. This final step is a proton 
transfer step, and therefore requires two curved arrows, as 
shown: 


8.16. 

(a) Oxymercuration-demercuration gives Markovnikov 
addition of water (H and OH) without carbocation 
rearrangements. That is, the OH group ends up at the 


more substituted (secondary) position, and the proton 
ends up at the less substituted (primary) position: 


OH 
goes here H 


il goes here OH 
SN Ze Hg(OAc)s, HO 
——————- 
2) NaBH, 


If the same alkene were treated with aqueous acid, the 
resulting acid-catalyzed hydration would involve a 
carbocation rearrangement: 


AH 
H700 © 
» Y Ve 
Methyl 
INL 
© 


a 
H 


(b) Oxymercuration-demercuration gives Markovnikov 
addition of water (H and OH) without carbocation 
rearrangements. That is, the OH group ends up at the 
more substituted (secondary) position, and the proton 
ends up at the less substituted (primary) position: 


OH 
goes here 
il OH 
1) Hga(OAc)h, H20 
Z ) Hg(OAc)y, H2 
i 2) NaBH, 
H 
goes here 


If the same alkene were treated with aqueous acid, the 
resulting acid-catalyzed hydration would involve a 
carbocation rearrangement: 
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H 
ra " Methy 
H shift T 

OT = 3 

o 
H^ ^H 
H. LH ® 
OH o O—H 


(c) Oxymercuration-demercuration gives Markovnikov 
addition of water (H and OH) without carbocation 
rearrangements. That is, the OH group ends up at the 
more substituted (tertiary) position, and the proton ends 
up at the less substituted (primary) position. 


H 
goes here 


OH OH 
goes here 


In this case, acid-catalyzed hydration gives the same 
product, because the intermediate tertiary carbocation 
does not undergo rearrangement: 


—> 


8.17. 

(a) Oxymercuration-demercuration involves the addition 
of H-Z across the double bond (where Z = OH when 
water, H20, is used as the reagent). If ethanol (EtOH) is 
used as the reagent instead of water, then Z = OEt, so we 
expect Markovnikov addition of ethanol (H and OEt) 
across the alkene, with the ethoxy (OEt) group being 
installed at the more substituted (secondary) position, 
rather than the less substituted (primary) position. 


1) Hg(OAc);, H20 
2) NaBH4 


H 
goes here 
SA ()Hg(OAcj, EIOH — 
2) NaBH, NaBH, 
OEt 
T 


goes here 
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(b) Oxymercuration-demercuration involves the addition 
of H-Z across the double bond (where Z = OH when 
water, H20, is used as the reagent). If ethylamine 
(EtNH») is used as the reagent instead of water, then Z = 
NHEt, so we expect Markvnikov addition of H and NHEt 
across the alkene, with the ethylamino group (NHEt) 
being installed at the more substituted (secondary) 
position, rather than the less substituted (primary) 
position. 


vA 


1) Hg(OAc)z, EtNH3 
- 
2) NaBH, 


^N. 
H^ CEt 


8.18. 

(a) Hydroboration-oxidation results in the anti- 
Markovnikov addition of water (H and OH) across the x 
bond. That is, the OH group is installed at the less 
substituted (primary) position, rather than the more 


substituted (tertiary) position: 
i "T OH 


(b) Hydroboration-oxidation results in the anti- 
Markovnikov addition of water (H and OH) across the x 
bond. That is, the OH group is installed at the less 
substituted (primary) position, rather than the more 


substituted (tertiary) position: 
Cy S 


1) BHa* THF 
2) H202, NaOH 


dedi 1) BHs- THF 

2) H505, NaOH 
(c) Hydroboration-oxidation results in the anti- 
Markovnikov addition of water (H and OH) across the x 
bond. That is, the OH group is installed at the less 
substituted (primary) position, rather than the more 
substituted (secondary) position: 


1) BH THF ái 
ANANN am ac m UNICI CU RR, E 
2) H205, NaOH 


8.19. There is only one alkene that will afford the desired 


product upon hydroboration-oxidation: 
dn d D 


Compound A 


1) BH3- THF 
2) H20», NaOH 


8.20. 

(a) The reagents indicate a hydroboration-oxidation. The 
net result of this two-step process is the anti-Markovnikov 
addition of H and OH across the x bond. That is, the OH 
group is installed at the less substituted position, while the 


H is installed at the more substituted position. In this case, 
two chiral centers are created. Therefore, the 
stereochemical requirement for syn addition determines 
that the H and OH are added on the same face of the 
alkene. Since syn addition can take place from either face 
of the alkene with equal likelihood, we expect a pair of 
enantiomers, as shown: 


cr 1) BH3- THF a 
-c + En 
2) H203, NaOH 

OH 


In this case, it might seem as if there was an anti addition, 
rather than a syn addition, because we see that the product 
has one wedge and one dash. But this is an optical 
illusion. Recall, that most hydrogen atoms are not drawn 
in bond-line drawings, so the H that was added during the 
process has not been drawn. However, if we draw that 
hydrogen atom, we will see that the H and OH were 
indeed added in a syn fashion: 


„CH; CHs 
s EH 
| "oH | ia 


(b) The reagents indicate a hydroboration-oxidation. The 
net result of this two-step process is the anti-Markovnikov 
addition of H and OH across the x bond. That is, the OH 
group is installed at the less substituted position, while the 
H is installed at the more substituted position. In this case, 
only one chiral center is created. Since syn addition can 
take place from either face of the alkene with equal 
likelihood, we expect a pair of enantiomers, as shown: 
OH 


zu 1) BH3: THF 
Pr 
2) H205, NaOH 
* En 


(c) The reagents indicate a hydroboration-oxidation. 
The net result of this two-step process is the anti- 
Markovnikov addition of H and OH across the x bond. 
That is, the OH group is installed at the less substituted 
position, while the H is installed at the more substituted 
position. In this case, no chiral centers are created, so the 
requirement for syn addition is irrelevant. 


OH 
pne E 
(d) The reagents indicate a hydroboration-oxidation. The 
net result of this two-step process is the anti-Markovnikov 
addition of H and OH across the x bond. That is, the OH 


group is installed at the less substituted position, while the 
H is installed at the more substituted position. In this case, 


1) BH: THF 
———————- 
2) H202, NaOH 


only one chiral center is created. Since syn addition can 
take place from either face of the alkene with equal 
likelihood, we expect a pair of enantiomers, as shown: 


FA - Kes 


(e) The reagents indicate a hydroboration-oxidation. The 
net result of this two-step process is the anti-Markovnikov 
addition of H and OH across the x bond. That is, the OH 
group is installed at the less substituted position, while the 
H is installed at the more substituted position. In this case, 
no chiral centers are created, so the requirement for syn 
addition is irrelevant. 


1) BH3- THF 
2) H205, NaOH 


1) BH- THF 
——————- 


HO. ILI 
2) H205, NaOH 


ZA 


(f) The reagents indicate a hydroboration-oxidation. The 
net result of this two-step process is the anti-Markovnikov 
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addition of H and OH across the x bond. That is, the OH 
group is installed at the less substituted position, while the 
H is installed at the more substituted position. In this case, 
two chiral centers are created. Therefore, the 
stereochemical requirement for syn addition determines 
that the H and OH are added on the same face of the 
alkene. Since syn addition can take place from either face 
of the alkene with equal likelihood, we expect a pair of 
enantiomers, as shown: 


1) BH- THF 


2) H9O5, NaOH 


H 


z 


8.21. The problem statement indicates that this is a hydroboration-oxidation sequence, the net result of which is an anti- 
Markovnikov addition of H and OH across the x bond. That is, the OH group is installed at the less substituted position, 
while the H is installed at the more substituted position. In this case, two chiral centers are created. Therefore, the 
stereochemical requirement for syn addition determines that the H and OH are added on the same face of the alkene, 
giving the products shown. Note that the highlighted methyl group creates steric hindrance on the top face of the ring, 
so the major product arises from hydroboration from the bottom face: 


DIM. lou B2H6 
2) H207, NaOH NaOH 


"Ex. 


(-)-a-Pinene 


8.22. 

(a) The reagents indicate a catalytic hydrogenation 
process, so we expect the addition of H and H across the 
alkene. In this case, the product does not have a chiral 
center, so stereochemistry is not a relevant consideration. 


hao! 


(b) The reagents indicate a catalytic hydrogenation 
process, so we expect the addition of H and H across the 
alkene. In this case, the product does not have a chiral 
center, so stereochemistry is not a relevant consideration. 


Z Hə 
— ~ 
Pd 


Fe Ee 


Major Minor 


(c) The reagents indicate a catalytic hydrogenation 
process, so we expect the addition of H and H across the 
alkene. In this case, the product has one chiral center, so 
we expect both possible enantiomers (syn addition can 
occur from either face of the x bond). 


H2 
— — > + 
Ni 
(d) The reagents indicate a catalytic hydrogenation 
process, so we expect the addition of H and H across the 


alkene. In this case, the product does not have a chiral 
center, so stereochemistry is not a relevant consideration. 


= H2 
— 
Pt 
(e) The reagents indicate a catalytic hydrogenation 
process, so we expect the addition of H and H across the 
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alkene. In this case, the reaction generates two chiral 
centers. The requirement for syn addition results in the 
formation of a meso compound, so there is only one 
product. 


(meso) 


8.23. The starting material has two carbon-carbon m 
bonds, each of which will undergo hydrogenation when 
treated with H2 and a catalyst. This creates two new chiral 
centers in the product, highlighted below: 


Each individual x bond undergoes a syn addition, which 
can occur either from the top face or from the bottom face 
of the x bond. Therefore, each of the two new chiral 
centers can have either the configuration or the S 
configuration, giving four possible products (shown 
below). These products are all diastereomers of each 
other (because the starting compound already has other 
chiral centers). 


syn 
back face 


NI 


ws 


syn 
front face 


syn 
front face 


syn 
front face 


wet 


syn 


front face back face 


Interestingly, only two stereoisomers are observed in this 
reaction and the major product results from syn addition 
from the back face of both x bonds. This is an example of 
an asymmetric catalytic hydrogenation since the chirality 
of the starting material clearly influences which face 
undergoes hydrogenation preferentially. Asymmetric 
catalytic hydrogenation is also possible using a chiral 
catalyst, as will be discussed later in Section 8.9. 


8.24. 

(a) When an alkene is treated with molecular bromine 
(Br2), we expect an anti addition of Br and Br across the 
alkene, giving the following pair of enantiomers: 


a 


(b) When an alkene is treated with molecular bromine 
(Br?), we expect an anti addition of Br and Br across the 
alkene, giving the following pair of enantiomers: 


Br 


Bro 
cos m ee A 
Br 


(c) When an alkene is treated with molecular bromine 
(Br2), we expect an anti addition of Br and Br across the 
alkene. In this case, only one chiral center is created, so 
we expect both possible enantiomers (formation of the 
initial bromonium ion can occur on either face of the x 


bond with equal likelihood): 


(d) When an alkene is treated with molecular bromine 
(Br2), we expect an anti addition of Br and Br across the 
alkene, giving the following pair of enantiomers: 


() pq 
Br" 


8.25. 

(a) Treating an alkene with molecular bromine (Br?) and 
water results in the addition of OH and Br across the 
alkene (halohydrin formation). The OH group is expected 
to be installed at the more substituted position, while Br is 
installed at the less substituted position. In this case, two 
new chiral centers are generated, so we expect only the 
pair of enantiomers that would result from anti addition. 


Br 


* En 


Bro 
ENS —— 


H20 


+ En 


HO 


(b) Treating an alkene with molecular bromine (Br?) and 
water results in the addition of OH and Br across the 
alkene (halohydrin formation). The OH group is expected 
to be installed at the more substituted position, while Br is 
installed at the less substituted position. In this case, two 
new chiral centers are generated, so we expect only the 
pair of enantiomers that would result from anti addition. 


OH 
Bro S 
———— 
H20 


(c) Treating an alkene with molecular bromine (Br?) and 
water results in the addition of OH and Br across the 
alkene (halohydrin formation). The OH group is expected 
to be installed at the more substituted position, while Br is 
installed at the less substituted position. In this case, only 
one new chiral center is generated, so we expect both 
possible enantiomers (formation of the initial bromonium 
ion can occur on either face of the x bond with equal 
likelihood). 


OH 


Br 
BEN Bro 
——— * En 
HÔ 


(d) Treating an alkene with molecular bromine (Br2) and 
water results in the addition of OH and Br across the 
alkene (halohydrin formation). In this case, two new 
chiral centers are generated, so we expect only the pair of 
enantiomers that would result from anti addition. 


Br 
eae + En 
"OH 
8.26. 


(a) The alkene reacts with molecular bromine to give a 
bromonium ion, which is then attacked by a molecule of 
solvent (EtOH, in this case, rather than H2O). The result 
is the addition of Br and OEt (rather than the addition of 
Br and OH). The OEt group is expected to be installed at 
the more substituted position, while Br is installed at the 
less substituted position. In this case, two new chiral 
centers are generated, so we expect only the pair of 
enantiomers that would result from anti addition: 


OEt 
3 * En 


Br 


(b) The alkene reacts with molecular bromine to give a 
bromonium ion, which is then captured by a molecule of 
solvent (EtNH», in this case, rather than H2O). The result 
is the addition of Br and NHEt (rather than the addition of 
Brand OH). The ethylamino group (NHEt) is expected to 
be installed at the more substituted position, while Br is 
installed at the less substituted position. In this case, two 
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new chiral centers are generated, so we expect only the 
pair of enantiomers that would result from anti addition: 


Et 
N 
ces " p. 
a d 
x EtNH; * En 
Br 


8.27. The bromonium ion can open (before a bromide ion 
attacks), forming a resonance-stabilized carbocation. 
This carbocation is trigonal planar and can be attacked 
from either side: 


IS © 
bPa pr 


resonance-stabilized 


8.28. 

(a) Treating an alkene with a peroxy acid followed by 
aqueous acid results in the addition of OH and OH across 
the alkene. In this case, two new chiral centers are 
generated, so we expect only the pair of enantiomers that 
would result from anti addition: 


1) RCO;H 
2) H30* 


(b) Treating an alkene with a peroxy acid followed by 
aqueous acid results in the addition of OH and OH across 
the alkene. In this case, two new chiral centers are 
generated, so we expect only the pair of enantiomers that 
would result from anti addition: 


HO OH 


/^N AA ce 


(c) Treating an alkene with a peroxy acid followed by 
aqueous acid results in the addition of OH and OH across 
the alkene. In this case, two new chiral centers are 
generated, so we expect only the pair of enantiomers that 
would result from anti addition: 


1) RCO3H 
2) H30* 


OH 


1) RCO;H 


WN 
————- 
d bd 2) H,0* 
* En 


(d) Treating an alkene with a peroxy acid followed by 
aqueous acid results in the addition of OH and OH across 
the alkene. In this case, the product has no chiral centers, 
so stereochemistry is not a relevant consideration. 


OH 


1) RCO3H 
————— 


OH 
2) H30* 


282 CHAPTER 8 


(e) Treating an alkene with a peroxy acid followed by 
aqueous acid results in the addition of OH and OH across 
the alkene. In this case, two new chiral centers are 
generated. However, the anti addition results in the 
formation of a meso compound: 


OH OH 


AZ 


oe 
OH 


(f) Treating an alkene with a peroxy acid followed by 
aqueous acid results in the addition of OH and OH across 
the alkene. In this case, two new chiral centers are 
generated, so we expect only the pair of enantiomers that 
would result from anti addition: 


1) RCO3H 
——— 
2) H30* 


s d 


1) RCO3H OH 
— + En 
2) H30* 

OH 


8.29. 

(a) Treating an alkene with a peroxy acid results in an 
epoxide. Further treatment of the epoxide with ethanol 
under acidic conditions results in a ring opening reaction 
in which ethanol serves as the nucleophile. Nucleophilic 
attack occurs at the more substituted (tertiary) position, so 
the net result is the addition of OH and OEt across the 
alkene, with the latter being installed at the more 
substituted position, as shown: 


1) RCO3H PE 
Se gh E E + En 
2) [H2504], 
OH 
MoH 


(b) Treatment of the epoxide with phenol (CoHsOH) under 
acidic conditions results in a ring opening reaction in 
which the oxygen atom of phenol serves as the 
nucleophilic center. Nucleophilic attack occurs at the 
more substituted (tertiary) position, so the net result is the 
addition of OH and OR (where R is C6H5) across the 
alkene, with the latter being installed at the more 
substituted position. Since the starting epoxide is 
enantiomerically pure (we are starting only with the 
enantiomer shown), we expect an enantiomerically pure 
product (not a mixture of enantiomers), as shown. 


8.30. 

(a) Compound A is converted to an epoxide upon 
treatment with a peroxy acid, so compound A must be an 
alkene. There are many alkenes with the molecular 


formula C6H12, and it would be time-consuming to try to 
draw them all. Instead, we notice the following: in order 
for the product to have no chiral centers, each of the 
vinylic positions must already contain two identical 
groups, like this: 


X Y 
must be c j 4 Cu must be 
identical C A identical 
l l X I l 


Y 


There are only two alkenes with the molecular formula 


CeHiz that fit this criterion: 
= Ho~} Lon 


1) RCOH 
— 


2) HO* 
no chiral centers 
1) RCO3H OH 
2) H30* ua 


no chiral centers 


(b) In order to be a meso compound, the resulting diol 
must contain two chiral centers, as well as reflectional 
symmetry (such as an internal plane of symmetry). In 
order to achieve this result, the starting alkene must have 
the following structural features: 


X Y 
RCO3H 9 
rd ———— "VT * En 
Y X Y X 
Y Y HO Y + 
Xa AX _ aX i 
= yw 
HO OH Y | OH 
meso 


The identity of X and Y must be different, or the resulting 
diol would have no chiral centers. There is only one 
alkene with the molecular formula CeHi» that fits this 
criterion: 


E —( RCO:H — e i: 
j avf Yn n 


H Et H 
Et Et HO Et x 
Hai aH SH NL 
= H™ 
HO OH Et OH 
meso 
8.31. 


(a) Treating an alkene with catalytic osmium tetroxide 
and NMO results in the addition of OH and OH across the 
alkene. In this case, two new chiral centers are generated, 


so we expect only the pair of enantiomers that would 
result from syn addition: 


OH 
OsO, (catalytic) 
WN oO a + En 
OH 


(b) Treating an alkene with osmium tetroxide followed 
by aqueous sodium bisulfite results in the addition of OH 
and OH across the alkene. In this case, only one chiral 
center is created, so we expect both possible enantiomers 
(formation of the initial cyclic osmate ester can occur on 
either face of the x bond with equal likelihood): 


OH 


Py. * En 


(c) Treating an alkene with cold potassium permanganate 
and sodium hydroxide results in the addition of OH and 
OH across the alkene. In this case, two new chiral centers 
are generated, and we expect a syn addition, giving the 


following meso compound: 
OH 
KMnO4, NaOH 
n 
Cold 
OH 
(meso) 


(d) Treating an alkene with cold potassium permanganate 
and sodium hydroxide results in the addition of OH and 
OH across the alkene. In this case, the product has no 
chiral centers, so stereochemistry is not a relevant 
consideration. 


1) OsO4 
———————- 
“S — 2)NaHSO4JH;O 


OH 
KMnO,, NaOH 


———————- 
ee Cold oH 


(e) Treating an alkene with catalytic osmium tetroxide 
and a suitable co-oxidant (tert-butyl hydroperoxide) 
results in the addition of OH and OH across the alkene. In 
this case, only one chiral center is created, so we expect 
both possible enantiomers (formation of the initial cyclic 
osmate ester can occur on either face of the x bond with 
equal likelihood): 
OH 


OsO, (catalytic) pu uw. 
———————————- 
Jo * En 


(f) Treating an alkene with catalytic osmium tetroxide 
and NMO results in the addition of OH and OH across the 
alkene. In this case, two new chiral centers are generated, 
so we expect only the pair of enantiomers that would 
result from syn addition: 


AOV. 
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z OH 
S OsO, (catalytic) nana 
> 
NMO OH 
+ En 


8.32. 
(a) Each C=C bond is split apart and redrawn as two C=O 
bonds, giving the following products: 


o H 
pna Or. 


2) DMS [e] i9) 
(b) Each C=C bond is split apart and redrawn as two C=O 
bonds, giving two equivalents of the same product: 


Y Y 


1) 03 O o 
——————— 
2) DMS PON 


(c) The C=C bond is split apart and redrawn as two C=O 
bonds, giving two equivalents of the same product: 


1} 03 H CH3 
> =o g 
2) DMS 
H3C H 


(d) The C=C bond is split apart and redrawn as two C=O 
bonds, giving the following product: 


H CH; 


z 


H3C 


(e) The C=C bond is split apart and redrawn as two C=O 
bonds, giving the following meso compound: 


H 
\=0 
H ; 
A T 
Mos. = 
2) DMS O L» 
o t 
meso E 
H Ao 


H 


(f) The C=C bond is split apart and redrawn as two C=O 
bonds, giving two equivalents of the same product: 


= 1) 03 
2) DMS mos 
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à 


(two equivalents) 


8.33. 

(a) We can draw the starting alkene by removing the two oe UE 
oxygen atoms from the product, and connecting the sp? 2) DMS 
hybridized carbon atoms as a C=C bond: 


i9] Oo 


Put 


(b) In this case, the starting alkene has ten carbon atoms 
while the product has only five carbon atoms. Therefore, 
one equivalent of the starting alkene must produce two 
equivalents of the product: 


1) Os 


(c) In this case, the starting alkene has ten carbon atoms 
2) DMS 


while the product has only five carbon atoms. Therefore, 
one equivalent of the starting alkene must produce two 
equivalents of the product: 


(two equivalents) 


8.34. The starting material (C27H3sO) has only one oxygen atom, while compound 2 (C19H2205) has five oxygen atoms. 
The insertion of four oxygen atoms (and the production of four small molecules) indicates that four C=C bonds 
(highlighted below) undergo ozonolysis. The other three C=C bonds (in the ring) are part of the aromatic system, which 
is unreactive toward ozonolysis, as mentioned in the problem statement. To draw the products of ozonolysis, each C=C 
bond is split apart and redrawn as two C=O bonds. This gives compound 2, shown below, along with two molecules of 


formaldehyde (CH20) and two molecules of acetone ((CH3)2CO). 


Compound 1 
(C27H38O) 


8.35. 

(a) The reagents indicate a hydroboration-oxidation, so 
the net result will be the addition of H and OH across the 
alkene. For the regiochemical outcome, we expect an 
anti-Markovnikov addition, so the OH group is installed 
at the less substituted position. The stereochemical 
outcome (syn addition) is not relevant in this case, because 


the product has no chiral centers: 
[uw 


(b) The reagents indicate a hydrogenation reaction, so the 
net result will be the addition of H and H across the alkene. 
The regiochemical outcome is not relevant because the 
two groups added (H and H) are identical. We expect the 
reaction to proceed via a syn addition, but only one chiral 


1) BH; THF 
2) H202, NaOH 


H H3C 
H Jch 
O (0) 
o o O 
1) O3 
— > 
2) DMS 
0) O 


id Compound 2 i dh 
Ra (C19H2205) 


center is formed. Therefore, both enantiomers are 
obtained because syn addition can occur from either face 
of the starting alkene: 


H2 
Pt 


+ En 


(c) The first reagent is a peroxy acid, indicating formation 
ofan epoxide, which is then opened under aqueous acidic 
conditions. The net result is expected to be the addition 
of OH and OH across the alkene. The regiochemical 
outcome is not relevant because the two groups added 
(OH and OH) are identical. For the stereochemical 
outcome, we notice that two chiral centers are formed, and 
we expect only the pair of enantiomers resulting from an 
anti addition: 


HO 


"OH 
+ En 


(d) The reagents indicate a dihydroxylation reaction, so 
the net result will be the addition of OH and OH across 
the alkene. The regiochemical outcome is not relevant 
because the two groups added (OH and OH) are identical. 
We expect the reaction to proceed via a syn addition. In 
this case, two chiral centers are formed, so we expect only 
the pair of enantiomers resulting from a syn addition: 


xT 1) OsO,4 
— > 
2) NaHSO4JH;O 


(e) The reagent indicates an acid-catalyzed hydration, so 
the net result will be the addition of H and OH across the 
alkene. We expect a Markovnikov addition, so the OH 
group will be installed at the more substituted position. 
Only one chiral center is formed, so we expect the 
following pair of enantiomers: 


OH 
€ 
V X ho QU 
——— 
* En 


(f) The reagent indicates a hydrobromination reaction, so 
the net result will be the addition of H and Br across the 
alkene. We expect a Markovnikov addition, so the Br 
group will be installed at the more substituted position. 
No chiral centers are formed in this case, so 
stereochemistry is irrelevant: 


Br 
221 ~ JEN 
— 


(g) The reagents indicate a dihydroxylation process (via 
an epoxide), so the net result will be the addition of OH 
and OH across the alkene. The regiochemical outcome is 
not relevant because the two groups added (OH and OH) 
are identical. We expect the reaction to proceed via an 
anti addition. In this case, two chiral centers are formed, 
so we expect only the pair of enantiomers resulting from 
an anti addition: 


+ En 


OH 
1) RCOsH E 
ZA D REOM ^ * En 
T a a 


OH 
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(h) The reagents indicate a hydroboration-oxidation, so 
the net result will be the addition of H and OH across the 
alkene. For the regiochemical outcome, we expect an 
anti-Markovnikov addition, so the OH group is installed 
at the less substituted position. We expect the reaction to 
proceed via a syn addition, but only one chiral center is 
formed, so we expect both enantiomers (syn addition can 
occur on either face of the starting alkene): 


E 
(i) The reagents indicate a dihydroxylation reaction, so 
the net result will be the addition of OH and OH across 
the alkene. The regiochemical outcome is not relevant 
because the two groups added (OH and OH) are identical. 
We expect the reaction to proceed via a syn addition. In 


this case, two chiral centers are formed, so we expect only 
the pair of enantiomers resulting from a syn addition: 


OH 


1) BH3- THF 


2) H205, NaOH 
* En 


OsO4 
(catalytic) 


NMO 


z OH 


HO * 


* En 


8.36. The net result will be the addition of OH and OH 
across the alkene. The regiochemical outcome is not 
relevant because the two groups added (OH and OH) are 
identical. We expect the reaction to proceed via a syn 
addition. In this case, two chiral centers are formed, so 
we expect the two products shown below. Because of the 
presence of a third chiral center that has the same 
configuration in both products, these two products are 
diastereomers, rather than enantiomers. 


QO 


KMnO; , NaOH 


Cold 


Diastereomers 


8.37. syn-Dihydroxylation of trans-2-butene results in 
the same products as anti-dihydroxylation of cis-2-butene, 
as shown below. Rotation about the middle C-C bond 
reveals that the two compounds are superimposable, and 
the configuration of each chiral center has been assigned 
to demonstrate that the products are indeed the same for 
these two reaction sequences: 
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HO 
__/  KMnO, NaOH > 
Je 


/ Cold 


OH 
(2R,3R) 
1) RCO3H Hg on 
S/N SO a R S + En 
2) H40* ; X 
(2R,3R) 


8.38. | Compound A must be an alkene (because it 
undergoes reactions that are typically observed for 
alkenes, such as hydroboration-oxidation, 
hydrobromination and ozonolysis) So, we begin by 
drawing all possible alkenes with the molecular formula 
CsHio (using a methodical approach similar to the one 
described in the solution to Problem 4.3): 


Five-carbon chain 


Pw E 
1 3 1 3 


Among these isomers, only the last two will cleanly afford 
a tertiary alkyl halide upon treatment with HBr. And 
among these two alkenes, only the latter will undergo 
ozonolysis to produce a compound with three carbon 
atoms and another compound with two carbon atoms. 
Now that we have identified the starting alkene, we can 
draw the products B—F, as shown here: 


HBr 2 
) DMS 
E nd 
1) By THF )-o * of 
so 2) H2073, Compounds H 
NaOH 
Compound D 


ean 
OH OH 


Compounds B + C 


8.39. 

(a) The two groups being added across the alkene are H 
and OH. The OH group is installed at the more substituted 
carbon atom, so we must use conditions that give a 
Markovnikov addition of H and OH. This can be 
accomplished via oxymercuration-reduction. This is not a 


stereospecific reaction, so a racemic mixture of the 
product is expected: 


LI. 1) Hg(OAc)s, H2O 
2) NaBH, 


Oxymercuration-demercuration has 
no carbocation in mechanism 


OH 


It should be noted that in this case, acid-catalyzed 
hydration with dilute H2SO4 is not a viable solution, 
because the carbocation intermediate is likely to rearrange 
to the tertiary position: 


rre 
Acid-catalyzed hydration leads 
to carbocation rearrangement 


OH 
H3O* 


————- 


(b) This reaction involves elimination of H and Br to give 
the less substituted alkene, so a sterically hindered base 
(such as tert-butoxide) is required: 


Br t-BuOK 
————- 


(c) The two groups being added across the alkene are H 
and Br. The Br group is installed at the less substituted 
carbon atom, so we must use conditions that give an anti- 
Markovnikov addition of H and Br. This can be 
accomplished by treating the alkene with HBr in the 


presence of peroxides: 
HBr Br 
————- 
ROOR 


(d) This is a substitution reaction. Our retrosynthesis 
begins with a disconnection at a C-O bond of the ether 
group. The carbon atom (at the disconnected bond below) 
started out as an electrophile in the given starting material, 
with a Cl leaving group at that position. Therefore, the 
oxygen atom served as the nucleophile, so we draw a 
negative charge on the oxygen atom to give a suitable 
nucleophile (ethoxide ion): 
was a 


E nucleophile 
pun s 
was an 


electrophile What starting 
materials are 
needed? 


Cl 
p © 
ò+ $ KA 


Electrophile Nucleophile 


The last step of the planning process is to confirm that the 
reaction mechanism is favorable. The ethoxide anion is a 
strong nucleophile and a strong base, so we must consider 
both Sn2 and E2 pathways. In this case, we have a primary 
substrate and a small nucleophile, so there is very little 
steric hindrance and we expect an Sn2 process to give the 
desired target molecule as the major product: 


ge THER P 
ceo —— On y 


(e) The two groups being added across the alkene are H 
and Cl. The latter is installed at the more substituted 
carbon atom, so we must use conditions that give a 
Markovnikov addition of H and Cl. This can be 
accomplished by treating the alkene with HCI: 


Cl 
HCI 


——_ > 


(f) The two groups being added across the alkene are H 
and OH. The OH group is installed at the less substituted 
position, so we must use conditions that give an anti- 
Markovnikov addition of H and OH. Also, the H and OH 
are added in a syn fashion (this can be seen more clearly 
if you draw the H that was installed, as shown below). 
This can be accomplished via hydroboration-oxidation: 


1) BH3 ‘THF 
————— 
2) H202, NaOH 


(g) This reaction involves elimination of H and Br to give 
the more substituted alkene, so we must use a strong base 
that is not sterically hindered. We can use hydroxide, 
methoxide or ethoxide as the base. All of these bases are 
suitable, as the substrate is tertiary so Sn2 reactions will 
not compete: 


Br NaOEt 
————» 


(h) The two groups being added across the alkene are H 
and Br. The latter is installed at the more substituted 
carbon atom, so we must use conditions that give a 
Markovnikov addition of H and Br. This can be 
accomplished by treating the alkene with HBr: 


Br 
Cy HBr 
————— 


(i) This is a substitution reaction. The substrate is tertiary, 
so we will need to perform an Snl reaction. The 
nucleophile must be bromide, but we cannot simply treat 
the substrate with bromide, because hydroxide is not a 
good leaving group. The use of HBr will provide both the 
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nucleophile (bromide) and the proton for converting the 
bad leaving group to a good leaving group (water): 


m a = 2 
ee 


(j) The two groups being added across the alkene are H 
and H, which can be accomplished by treating the alkene 
with molecular hydrogen (H2) in the presence ofa suitable 
catalyst: 


(k) The two groups being added across the alkene are OH 
and OH, and the alkene has undergone anti addition (one 
OH group has added to the top face, and the other OH has 
added to the bottom face). Anti dihydroxylation can be 
accomplished with a two-step procedure: formation of an 
epoxide by treatment with a peroxy acid (RCO3H), 
followed by a ring-opening reaction with aqueous acid: 


se sites 1) RCO3H $ pH 
NS 2) H4O* m * En 
OH 


(I) The two groups being added across the alkene are OH 
and OH, and the alkene has undergone syn addition (both 
OH groups have been added to the same face, resulting in 
an achiral meso product). Syn dihydroxylation can be 
accomplished by treating the alkene with KMnO3, or 


OsO«: 
C CX 
OH 
8.40. 
(a) The alkyl bromide target molecule can be prepared by 
addition of HBr to an alkene, and there are two suitable 


alkene starting materials. Either alkene will produce the 
target molecule upon treatment with HBr: 


KMnO4 
NaOH, cold 


addition 
retrosynthesis 
E Lc or 
H H (* HBr) 


Another possible retrosynthesis considers installation of 
the Br atom via substitution, revealing an alcohol as a 
third viable starting material: 


substitution 
retrosynthesis 


Bir L————— OH 


(* HBr) 
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(b) The pi bond in the target molecule can be formed by 
an elimination reaction. In this case, the target molecule addition 


is a stable alkene, so the potential starting material can be MEM 
either an alkyl halide or an alcohol. There are two 
positions to place the halide leaving group to furnish the 


desired target molecule upon treatment with a strong base 


(E2 elimination gives the Zaitsev product): (* hydroboration- 
oxidation) 
= lee Another possible retrosynthesis considers installation of 
the OH group via substitution, revealing an alkyl halide as 
a second viable starting material: 
(+ NaOMe) 
In addition, are two positions to En the OH group P. substitution 
furnish the desired target molecule upon treatment with a retrosynthesis 
strong, concentrated acid (acid-catalyzed dehydration of ——— 
an alcohol follows an E1 mechanism and gives the Zaitsev 
product): OH Br 
(+ NaOH) 
= Jo e The last step of the planning process is to confirm that the 
reaction mechanism is favorable. The hydroxide anion is 
a strong nucleophile and a strong base, so we must 
(+ H2SO,/heat) consider both Sn2 and E2 pathways. In this case, we have 


a primary substrate and a small nucleophile, so there is 
(c) The alcohol target molecule can be prepared by very little steric hindrance and we expect an Sn2 process 
hydration of an alkene (addition of H and OH), with anti- to give the desired target molecule as the major product. 
Markovnikov regiochemistry (hydroboration-oxidation): 


8.41. 

(a) The two groups that are being added across the double bond are OH and H. The OH group must be installed at the 
less substituted position, so we must choose reagents that achieve an anti-Markovnikov addition. This can be 
accomplished via hydroboration-oxidation. 


1) BH3-THF 
2) H202, NaOH 


(b) The addition of OH and H can occur via a syn addition to either face of the n bond. The configuration of the newly 
formed chiral center (as shown above) results from addition to the back side of the x bond. Hydroboration occurs 
preferentially on the back face of the x bond in order to minimize steric interactions with the other two very large groups 
(both on wedges) which are both on the front face. 


Although both H and OH are added across the z bond, only the addition of H creates a new chiral center. Addition of H 
to the back side of the t bond pushes the CH2OH group forward, as seen in the major product. 


8.42. 

(a) The desired transformation can be achieved via a two- 
step process (elimination, followed by addition). We must 
be careful to control the regiochemical outcome of each 
of these processes. During the elimination process, we 
want to form the more substituted alkene (Zaitsev 
product), so we must use a strong base that is not sterically 
hindered (such as hydroxide, methoxide, or ethoxide). 
Then, during the addition process, we want to add HCl in 
a Markovnikov fashion (with the Cl being installed at the 
more substituted position). This can be accomplished by 
treating the alkene with HCl, as shown here: 


Cl 
NaOMe 


ye 8 
CI 


(b) The desired transformation can be achieved via 
elimination, followed by addition. We must be careful to 
control the regiochemical outcome of each of these 
processes. During the elimination process, we want to 
form the less substituted alkene (Hofmann product), so we 
must use a strong, sterically hindered base, such as 
potassium fert-butoxide. Notice that the substrate is an 
alcohol, so we must first convert the OH group (bad 
leaving group) into a tosylate group (good leaving group) 
before performing the elimination process. Then, during 
the addition process, we want to add H and OH in an anti- 
Markovnikov fashion (with the OH being installed at the 
less substituted position). This can be accomplished via 
hydroboration-oxidation, as shown here: 


OH 
1} TsCl, STR e 


2)-BuOK — BuOK d 
Se 1) BHaTHF 


2) H203, NaOH 


(c) The desired transformation can be achieved via 
elimination, followed by addition. We must be careful to 
control the regiochemical outcome of each of these 


8.43. 
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processes. During the elimination process, we want to 
form the less substituted alkene (Hofmann product), so we 
must use a strong, sterically hindered base, such as 
potassium fert-butoxide. Then, during the addition 
process, we want to add H and OH in an anti- 
Markovnikov fashion (with the OH being installed at the 
less substituted position). This can be accomplished via 
hydroboration-oxidation, as shown here: 


ib d 
HO 1) BH3 -THF 
i clea 2) H202, NaOH 


(d) The desired transformation can be achieved via 
elimination, followed by addition. We must be careful to 
control the regiochemical outcome of each of these 
processes. During the elimination process, we want to 
form the more substituted alkene (Zaitsev product), so we 
will need a strong base that is not sterically hindered (such 
as hydroxide, methoxide, or ethoxide). Notice that the 
substrate is an alcohol, so we must first convert the OH 
group (bad leaving group) into a tosylate group (good 
leaving group) before performing the elimination process. 
Alternatively, we can simply perform the elimination 
process in one step by treating the alcohol with 
concentrated aqueous sulfuric acid (via an El process, as 
seen in Section 7.12). Then, during the addition process, 
we want to add H and OH in an anti-Markovnikov fashion 
(with the OH being installed at the less substituted 
position) via a syn addition (this can be seen more clearly 
if you draw the H that is installed, as shown). This can be 
accomplished via hydroboration-oxidation: 


Br 
t-BuOK 


E & TsCl, py 
// 3)Na0& N 


EL N cone. HoSO4. 7 on 


Heat 


1) BH: THF 
2) H505, NaOH 


(a) The retrosynthetic analysis of the target molecule asks, “What starting material can be used to make an epoxide?” 
The epoxide in the target molecule can be produced from an alkene intermediate, and the alkene can be produced from 


the given alkyl bromide: 


vo-005- 60 
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The synthesis requires a two-step process: elimination followed by formation of an epoxide (called epoxidation). 
Treatment of the benzylic alkyl halide with a strong, hindered base (such as t-BuOK) favors E2 over Sn2, and reaction 
of the resulting alkene with a peroxy acid (RCO3H) achieves the desired transformation. Formation of the epoxide can 
occur at either face of the alkene, resulting in the formation of a racemic mixture: 


Br 
1) -BuOK E 
—————————— 
2) RCOSH HEN 


(b) The retrosynthetic analysis of the target molecule asks, “What starting material can be used to make a 1,2-dibromide?” 
The two Br atoms in the target molecule can be produced from an alkene intermediate, and the alkene can be produced 


from the given alkyl bromide: 
Br Br 
B 


The synthesis requires a two-step process: elimination followed by bromination. The tertiary alkyl halide will undergo 
E2 elimination when treated with any strong base (such as hydroxide, methoxide or ethoxide), and reaction of the 
resulting alkene with molecular bromine (Br2) achieves the desired transformation. In this case, no new chiral centers are 
generated, so the stereochemistry of the two Br atoms (anti addition) is not relevant: 


B B 
) 5. 1) NaOMe jo 
—— 
2) Br. 
) Bra B 
(c) The retrosynthetic analysis of the target molecule asks, “What starting material can be used to make a 1,2-diol?” The 
two OH groups in the target molecule can be produced from an alkene intermediate, and the alkene can be produced from 


the given alcohol: 


The synthesis requires a two-step process: elimination followed by dihydroxylation. The tertiary alcohol will undergo 
acid-catalyzed dehydration when treated with a strong, concentrated acid (such as H2SO4). Alternatively, we can first 
convert the OH group (bad leaving group) into a tosylate group (good leaving group) before performing an elimination 
process (strong, non-hindered base gives Zaitsev product). Treating the resulting alkene with cold potassium 
permanganate and sodium hydroxide results in the addition of two OH groups across the alkene, providing the target 
molecule. Alternatively, the dihydroxylation can be accomplished in a two-step process by epoxide ring-opening. Since 
there are no chiral centers in the product, syn- or anti-dihydroxylation of the alkene both give rise to the same diol. 


. HSO. 
OH conc. H2804 " = KMnO4 "€ m OH 
Heat NaOH, cold 
| TCI ym NaOMe / N RCO3H Bs H,0°/ 
py 


r 


r 


(d) The retrosynthetic analysis of the target molecule asks, “What starting material can be used to make a product with a 
trans Br atom and OH group (a trans-bromohydrin)?” The Br atom and OH group in the target molecule can be produced 
from an alkene intermediate, and the alkene can be produced from the given alkyl iodide: 


r 


a ae 


wii 
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The synthesis requires a two-step process: elimination followed by halohydrin formation. Treatment of the secondary 
alkyl halide with a strong, hindered base (such as t-BuOK) further favors E2 over Sn2 (though any strong base would 
also give E2 as the major product), and reaction of the resulting alkene with molecular bromine and water (Br2, H20) 
achieves the desired transformation. In this case, two chiral centers are formed, so we expect the pair of enantiomers 


resulting from an anti addition: 
ax 1) -BuOK or 
————— 
2) Bro, H20 tEn 


(e) The retrosynthetic analysis of the target molecule asks, “What starting material can be used to make a product with 
two aldehydes?” Oxidative cleavage of an alkene generates C=O bonds, so we can draw the starting alkene by removing 
the two oxygen atoms from the product, and connecting the sp? hybridized carbon atoms as a C=C bond. The required 
alkene can be produced from the given alkyl chloride: 


poe x 


The synthesis requires a two-step process: elimination followed by ozonolysis. Treatment of the secondary alkyl halide 
with a strong, hindered base (such as t-BuOK) favors E2 over Sn2, and reaction of the resulting alkene with ozone (O3) 
followed by dimethylsulfide (DMS) achieves the desired transformation: 


ore 1) -BuOK 
—————- ZAR 
3) DMS 


(f) The retrosynthetic analysis of the target molecule asks, “What starting material can be used to make an alkane?” The 
only reaction we've seen that generates a product with no functional groups is catalytic hydrogenation of an alkene. The 
required alkene can be produced from the given alcohol: 


== 0" 


The synthesis requires a two-step process: elimination followed by hydrogenation. The tertiary alcohol will undergo acid- 
catalyzed dehydration when treated with a strong, concentrated acid (such as H2SO4). Alternatively, we can first convert 
the OH group (bad leaving group) into a tosylate group (good leaving group) before performing an elimination process 
with a non-hindered, strong base to give the Zaitsev product. In this case, no new chiral centers are generated, so the 
stereochemistry of the two added H atoms (syn addition) is not relevant: 


OH conc. H5SO4 Ho, Pt 
— — r 
Heat 
\ TsCl m NaOMe / 
py 


8.44. The retrosynthetic analysis of the target molecule asks, “What starting material can be used to make a 1,2-diol?” 
The two OH groups in the target molecule can be produced from an alkene intermediate, and the alkene can be produced 
from the given alcohol: 


Hase es =  Hi6—-CH; => Aon 
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The synthesis requires a two-step process: elimination followed by dihydroxylation. Notice that the substrate is an 
alcohol, so we can simply perform the elimination process by treating the alcohol with concentrated aqueous sulfuric 
acid. Alternatively, we can first convert the OH group (bad leaving group) into a tosylate group (good leaving group) 
before performing an elimination process. Treating the resulting ethylene with cold potassium permanganate and sodium 
hydroxide results in the addition of two OH groups across the alkene, providing the target structure ethylene glycol. 
Alternatively, the dihydroxylation can be accomplished in a two-step process by epoxide ring-opening. Since there are 
no chiral centers in the product, syn- or anti-dihydroxylation of the alkene both give rise to the same diol. 


KMnO, 


a 


conc. H2504 TENET 
2 2 


Heat 


A E / 
ES OTs 
8.45. 


(a) The desired transformation can be achieved via a two- 
step process (addition, followed by elimination). We must 
be careful to control the regiochemical outcome of each 
step ofthe process. During the addition reaction, we want 
to install Br at the more substituted position, so we treat 
the alkene with HBr (without peroxides) Then, the 
elimination process must be performed in a way that gives 
the more substituted alkene (Zaitsev product), so we must 
use a strong base that is not sterically hindered, such as 
methoxide (hydroxide or ethoxide can also be used). 


CT dex CO 


(b) These two alkenes can be interconverted via a two- 
step process (addition, followed by elimination). We must 
be careful to control the regiochemical outcome of each 
step of the process. In one case, a sterically hindered base 
is required, while in the other case, we must use a base 
that is not sterically hindered, as shown. 


1) HBr 
2) NaOMe 


1) HBr 
| 2) t-BuOK | 
1) HBr m 
——————— 
2) NaOMe 


(c) The two-step process (addition followed by 
elimination) must be used twice in this case. First, we 
perform a Markovnikov addition of HBr to install Br at 
the more substituted position, followed by elimination 


NaOH, cold 
| RCO3H 


with a base that is not sterically hindered, thereby giving 
the more substituted alkene (Zaitsev product). Then, we 
perform the two-step process again. But this time, we 
begin with an anti-Markovnikov addition of HBr (in the 
presence of peroxides) to install Br at the less substituted 
position, followed by elimination with a sterically 
hindered base to give the less substituted alkene 
1) HBr 


(Hofmann product): 
P? PO 
2) NaOMe 
1) HBr, ROOR 
2) t-BuOK 
ZA 


(d) The two-step process (addition followed by 
elimination) must be used twice in this case. First, we 
perform a Markovnikov addition of HBr to install Br at 
the more substituted position, followed by elimination 
with a base that is not sterically hindered, thereby giving 
the more substituted alkene (Zaitsev product). Then, we 
perform the two-step process again. But this time, we 
begin with an anti-Markovnikov addition of HBr (in the 
presence of peroxides) to install Br at the less substituted 
position, followed by elimination with a sterically 
hindered base to give the less substituted alkene 


(Hofmann product). 


IHBr — HBr 
2) NaOMe - NaOMe 


_1) HBr, ROOR — 
“2)tBuUOK ` 


* 


8.46. The retrosynthetic analysis of target molecule 2 asks, *What starting material can be used to make a diene?" Each 
of the two pi bonds in compound 2 can be formed by an elimination reaction, starting with a suitable alkyl halide. To 
draw the starting materials, we delete each C=C double bond, we place a H atom on one of the carbon atoms, and we 
place a Br atom on the other carbon atom (two E2 eliminations require two Br leaving groups). If we place the Br atoms 
on adjacent carbon atoms, then we have an intermediate structure that can be prepared from compound 1. 


Br 


OTBDMS —>» OTBDMS —>s OTBDMS 


CH3 Br CH3 CH3 
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When treated with a strong base, the dibromide will undergo a double elimination to give the desired diene target 


molecule (compound 2): 


Br 
OTBDMS 


Br CH3 


Strong base 
—————— 


OTBDMS 
CH3 


Both elimination reactions are favored if we use a bulky base, such as tert-butoxide. The necessary dibromide can be 
made directly from compound 1, via bromination of the t bond. This gives the following two-step synthesis: 


Br 
OTBDMS Br; 


——— 


CH3 Br 


8.47. 

(a) We begin by identifying the parent. The longest chain 
is seven carbon atoms, so the parent is heptene. There are 
four substituents (highlighted), all of which are methyl 
groups. Notice that the parent chain is numbered starting 
from the side that is closest to the n bond. According to 
this numbering scheme, the methyl groups are located at 
C3, C4, C5 and C5. Finally, we use the prefix "tetra" to 
indicate the presence of four methyl groups, and we 
include a locant that identifies the position of the double 
bond (*3" indicates that the double bond is located 
between C3 and C4). In addition, the configuration of the 
double bond (E) must be indicated at the beginning of the 
name: 


(E)-3,4,5,5-tetramethyl-3-heptene 


(b) The parent is cyclohexene, which does not require a 
locant to identify the position of the double bond, because 
it is assumed to be between C1 and C2. There is only one 
substituent (an ethyl group, located at C1): 


1-ethylcyclohexene 


(c) We begin by identifying the parent, which is bicyclic 
in this case. The parent is bicyclo[2.2.2]octene. There is 
only one substituent (a methyl group). Notice that the 
parent chain is numbered starting from one of the 
bridgeheads, as seen in Section 4.2, which places the 
double bond between C2 and C3. According to this 
numbering scheme, the methyl group is located at C2. 
Finally, we include a locant that identifies the position of 
the double bond (C2). 


OTBDMS pence OTBDMS 
CH; (2 equiv.) CH; 


2-methylbicyclo[2.2.2]oct-2-ene 


(d) We begin by identifying the parent. The longest chain 
is seven carbon atoms, so the parent is heptene. There is 
one substituent (a chloro group). The parent chain is 
numbered starting from the side that is closest to the x 
bond. According to this numbering scheme, the chloro 
group is located at C2. We include a locant that identifies 
the position of the double bond (*2" indicates that the 
double bond is located between C2 and C3). In addition, 
the configuration ofthe double bond (E) must be indicated 
at the beginning of the name: 


1 


6 4 2 
7 5 3 
Z^ Cl 


(E)-2-chloro-2-heptene 


(e) The parent is cyclohexene, which does not require a 
locant to identify the position of the double bond, because 
it is assumed to be between C1 and C2. Locants are 
assigned counter-clockwise, in order to give the 
substituent (Br) the lowest possible locant (C3 rather than 
C6). The configuration of the chiral center (R) must also 
be included at the beginning of the name. 


Br 


3 
2 


1 


(R)-3-bromocyclohexene 


(f) The parent is cyclopentene, which does not require a 
locant to identify the position of the double bond, because 
it is assumed to be between C1 and C2. Substituents are 
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arranged alphabetically in the name. The configuration of 
the chiral center (R) must also be included at the beginning 
of the name. 


(R)-3-chloro-1-methylcyclopentene 


(g) We begin by identifying the parent. The longest chain 
is eight carbon atoms, so the parent is octene. There are 
five substituents (highlighted). The location of each 
substituent is indicated with the appropriate locant. In this 
case, locants are assigned from right-to-left, to give the 
lowest possible numbers to the first two substituents 
(when numbering from right-to-left, the first two 
substituents are both at C2, which is not the case when 
numbering from left-to-right)). The substituents are 
alphabetized in the name (bromo before methyl) In 
addition, the configuration of the double bond (£) must be 
indicated at the beginning of the name: 


(E)-4,5-dibromo-2,2,7-trimethyl-4-octene 


8.48. A reaction is only favorable if AG is negative. 
Recall that AG has two components: (AH) and (-TAS). 
The first term (AH) is positive for this reaction (two strong 
o bonds are broken, and a combination of weaker bonds 
are formed: one o bond and one x bond). The second term 
(-TAS) is negative because AS is positive (one molecule is 
converted into two molecules). Therefore, the reaction is 
only favorable (AG will only be negative) if the second 
term is greater in magnitude than the first term. This only 
occurs above a certain temperature. 


8.49. 

(a) Treating an alkene with cold potassium permanganate 
and sodium hydroxide results in the addition of OH and 
OH across the alkene. In this case, two new chiral centers 
are generated, so we expect only the pair of enantiomers 
that would result from syn addition: 


HO OH 


DA 


KM nO4 


ESTE * En 
NaOH, cold 


(b) The reagent indicates a hydrochlorination reaction, so 
the net result will be the addition of H and Cl across the 
alkene. We expect a Markovnikov addition, so the Cl 
group will be installed at the more substituted position. 
No chiral centers are formed in this case, so 
stereochemistry is irrelevant: 


le Hcl E 
—_* 


(c) The reagents indicate a hydrogenation reaction, so the 
net result will be the addition of H and H across the alkene. 
The regiochemical outcome is not relevant because the 
two groups added (H and H) are identical. The 
stereochemical requirement for the reaction (syn addition) 
is not relevant in this case, as no chiral centers are formed: 


or Te 


(d) The reagents indicate bromohydrin formation, so the 
net result will be the addition of Br and OH across the 
alkene. The OH group is expected to be installed at the 
more substituted position. The reaction proceeds via an 
anti addition, giving the following pair of enantiomers: 


Br 
Bro HO, 
* En 


(e) The reagents indicate hydration of the alkene via 
oxymercuration-demercuration. The net result will be the 
addition of H and OH across the alkene, with the OH 
group being installed at the more substituted position. The 
product has no chiral centers, so stereochemistry is not a 
consideration: 


HO 
1) Hg(OAcy, H;O " 
2) NaBH4 


8.50. 

(a) The reagents indicate a dihydroxylation process, so 
the net result will be the addition of OH and OH across 
the alkene. The regiochemical outcome is not relevant 
because the two groups added (OH and OH) are identical. 
We expect the reaction to proceed via an anti addition, but 
only one chiral center is formed, so we expect both 
enantiomers: 


HO 


dd 1) RCO3H OH 


2) H30* 


(b) The reagent indicates a hydrobromination reaction, so 
the net result will be the addition of H and Br across the 
alkene. We expect a Markovnikov addition, so Br will be 
installed at the more substituted position. No chiral 
centers are formed in this case, so stereochemistry is 
irrelevant: 


ZA 
HBr Br 
——— 


(c) The reagents indicate a hydrogenation reaction, so the 
net result will be the addition of H and H across the alkene. 
The regiochemical outcome is not relevant because the 
two groups added (H and H) are identical. No chiral 
centers are formed in this case, so stereochemistry is also 
irrelevant. 


p 
H2 
—- 
Pt 


(d) The reagent indicates a bromination reaction, so the 
net result will be the addition of Br and Br across the 
alkene. The regiochemical outcome is not relevant 
because the two groups added (Br and Br) are identical. 
We expect the reaction to proceed via an anti addition, but 
only one chiral center is formed, so we expect both 
enantiomers: 


Br. 
a Bro Br 
———- + En 


(e) The reagents indicate a hydroboration-oxidation, so 
the net result will be the addition of H and OH across the 
alkene. For the regiochemical outcome, we expect an 
anti-Markovnikov addition, so the OH group is installed 
at the less substituted (secondary) position. We expect the 
reaction to proceed via a syn addition, but only one chiral 
center is formed, so we expect both enantiomers (syn 
addition can occur on either face of the alkene): 


1) BHa:THF THF OH 
2)H,0; NaOH - H20»5, NaOH 
* En 


8.51. 

(a) Water (H and OH) is added across the alkene in a 
Markovnikov fashion. The mechanism is expected to 
have three steps: 1) proton transfer, 2) nucleophilic attack, 
and 3) proton transfer. In the first step, a proton is 
transferred from H3O* to the alkene, which requires two 
curved arrows, as shown below. The resulting tertiary 
carbocation is then captured by a water molecule in the 
second step of the mechanism. This step requires one 
curved arrow, going from the nucleophile (water) to the 
electrophile (the carbocation). Then, in the final step of 
the mechanism, a molecule of water functions as a base 
and removes a proton, thereby generating the product. 
This final step is a proton transfer step, and therefore 
requires two curved arrows, as shown: 
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(b) In the first step of the mechanism, a proton is 
transferred from H30* to the alkene, which requires two 
curved arrows, as shown below. The resulting secondary 
carbocation then rearranges via a hydride shift, giving a 
more stable, tertiary carbocation. That step is shown with 
one curved arrow. The tertiary carbocation is then 
captured by a water molecule, which is shown with one 
curved arrow, going from the nucleophile (water) to the 
electrophile (the carbocation). Then, in the final step of 
the mechanism, a molecule of water functions as a base 
and removes a proton, thereby generating the product. 
This final step is a proton transfer step, and therefore 
requires two curved arrows, as shown: 


H700 


(c) In this reaction, H and Br are added across the alkene 
in the absence of peroxides (Markovnikov addition), 
which indicates an ionic process. There are two 
mechanistic steps in the ionic addition of HBr across an 
alkene: 1) proton transfer, followed by 2) nucleophilic 
attack. In the first step, a proton is transferred from HBr 
to the alkene, which requires two curved arrows, as shown 
below. The resulting tertiary carbocation is then captured 
by a bromide ion in the second step of the mechanism. 
This step requires one curved arrow, going from the 
nucleophile to the electrophile, as shown: 


AEN A Pa Br 
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(d) Protonation of the alkene requires two curved arrows, 
as shown, and leads to the secondary carbocation (rather 
than a primary carbocation). This secondary carbocation 
then undergoes a methyl shift, shown with one curved 
arrow, generating a more stable, tertiary carbocation. In 
the final step of the mechanism (nucleophilic attack), the 
carbocation is captured by a bromide ion. This step 
requires one curved arrow, going from the nucleophile 
poc to the electrophile (the carbocation), as shown: 


8.52. The starting material (1-bromo-1- 
methylcyclohexane) is a tertiary alkyl halide, and will 
undergo an E2 reaction when treated with a strong base 
such as methoxide, to give the more substituted alkene 
(Zaitsev product, compound A).  Hydrogenation of 
compound A gives methylcyclohexane: 


Br NaOMe on H2 O 
— —> 
Pt 


Compound A 


8.53. 

(a) The desired transformation can be achieved via a two- 
step process (addition, followed by elimination). We must 
be careful to control the regiochemical outcome of each 
step of the process. During the addition reaction, we want 
a Markovnikov addition to install Br at the more 
substituted (tertiary) position, so we treat the alkene with 
HBr (without peroxides present). Then, the elimination 
process must be performed in a way that gives the more 
substituted alkene (Zaitsev product), so we must use a 
strong base that is not sterically hindered, such as 
methoxide (hydroxide or ethoxide can also be used). 


1) HBr 


————- 
2) NaOMe ES 


(b) This trisubstituted alkene can be converted into the 
monosubstituted alkene via a two-step process (addition, 
followed by elimination). We must be careful to control 
the regiochemical outcome of each of these steps. During 
the addition process, we want an anti-Markovnikov 
addition to install Br at the less substituted (secondary) 
position, so we treat the alkene with HBr in the presence 


of peroxides. Then, the elimination process must be 

performed in a way that gives the less substituted alkene 

(Hofmann product), so we must use a strong, sterically 
SOE ROOR z 


hindered base (such as tert-butoxide). 
TOM aro ) BuOK anm d 


8.54. In this example, we are forming an alkene (so we 
will need to perform an elimination), and because the pi 
bond is not on the same carbon atom as the original OH 
group, we are also moving the position of the pi bond. The 
trisubstituted alkene shown is an ideal intermediate 
structure to consider in the retrosynthetic analysis: 


Treatment of the starting alcohol with concentrated 
sulfuric acid affords the more substituted alkene. Moving 
the position of the xt bond can then be achieved via a two 
step-process (addition, followed by elimination. We 
must be careful to control the regiochemical outcome of 
each step of the process. During the addition reaction, we 
want an anti-Markovnikov addition to install Br at the less 
substituted (secondary) position, so we treat the alkene 
with HBr in the presence of peroxides. Then, the 
elimination reaction must be performed in a way that 
gives the less substituted alkene (Hofmann product), so 
we must use a strong, sterically hindered base (such as 
tert-butoxide). 


"X 1) conc. H2504, 


heat 
2) HBr, ROOR 
5 t-BuOK 
1) HBr, 
ROOR 
conc. H2504 2) -BuOK 


heat 


8.55. Two different alkenes will 
dimethylpentane upon hydrogenation: 


IA os 


Pt 
2,4-dimethyl-1-pentene 


2,4-dimethyl-2-pentene 


produce 2,4- 


AK 


Note that the following four drawings all represent the 
same compound (2,4-dimethyl-1-pentene): 


AA = AA 
AA 


AK 


8.56. We must first determine the structure of compound 
A. The necessary information has been provided. 
Specifically, ozonolysis of compound A gives only one 
product, which has only one C=O bond. Therefore, the 
starting alkene must be symmetrical, leading to two 
equivalents of the ketone product: 


Compound A 


Treatment of compound A with a peroxy acid, followed 
by aqueous acid, affords a diol. No chiral centers are 
formed, so stereochemistry is not a relevant consideration. 


OH 
1) RCO3H 
2) H30* 
Compound A OH 
8.57. 


(a) Interconversion between the two alcohols requires 
moving the position of the OH group. In each case, this 
can be accomplished via a two step-process (elimination 
followed by addition). In each case, the elimination step 
can be achieved by treating the alcohol with concentrated 
sulfuric acid to give an alkene. For the addition step 
(adding H and OH to the alkene), the regiochemical 
outcome must be carefully considered. In the first case 
below, dilute aqueous acid is used to give a Markovnikov 
addition, while in the second case below, hydroboration- 
oxidation is employed to give an anti-Markovnikov 
addition. 


1) conc. H5SO,, heat 


/ 2) dilute H9SO4 N 
Mee 


NOH 


ba 1) conc. H5SO,, heat 
2) BH3- THF 
3) H505, NaOH 


(b) Interconversion between the two alkyl halides requires 
moving the position of Br. In each case, this can be 
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accomplished via a two step-process (elimination 
followed by addition). In each case, the elimination step 
can be achieved via an E2 reaction, using a strong base 
(such as hydroxide, or methoxide or ethoxide) to give the 
more substituted alkene (Zaitsev product). For the 
addition step (adding H and Br to the alkene), the 
regiochemical outcome must be carefully considered. In 
the first case below, HBr and peroxides are used to give 
an anti-Markovnikov addition, while in the second case 
below, HBr is used to give a Markovnikov addition. 


1) NaOMe 


/ 2 HBr, ROOR N 
Va 
\ 1} NaOMe 7 E 


2) HBr 


(c) The retrosynthetic analysis of the target molecule 
asks, *What starting material can be used to make an 
alkane?" The only reaction we've seen that generates a 
product with no functional groups is catalytic 
hydrogenation of an alkene. The required alkene can be 
produced from the given alkyl chloride: 


Bp a by oi 


The synthesis requires a two-step process: elimination 
followed by hydrogenation. Treating the starting material 
with a strong base (such as hydroxide, methoxide or 
ethoxide) gives the more substituted alkene (Zaitsev 
product), which can then be converted to the desired meso 
compound upon hydrogenation. 


NaOMe or " py 
Pt 


meso 


Cl 


I 
S 


(d) The retrosynthetic analysis ofthe target molecule asks, 
*What starting material can be used to make a cis-1,2- 
diol?” The two OH groups in the target molecule can be 
produced from an alkene intermediate, and the alkene can 
be produced from the given alcohol: 


T=O=C 


The synthesis requires a two-step process: elimination 
followed by syn-dihydroxylation. The necessary alkene 
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(cyclohexene) can be made in one step from the starting 
alcohol, upon treatment with concentrated sulfuric acid 
and heat. Treating the alkene with catalytic osmium 
tetroxide and NMO results in the syn addition of OH and 
OH: 


OH OH 
conc 
: OH 
H2504 OsO, 
————- 
Heat NMO 


meso 


8.58. Treatment of compound A with sodium ethoxide 
gives no Sn2 products, so the substrate must be tertiary. 
Only one elimination product is obtained, which means 
that all B positions are identical. These features indicate 
the following structure for compound A: 


b um 
Compound A 


Treatment of compound A with ethoxide gives alkene B 
(Zaitsev product, shown below), which undergoes acid- 
catalyzed hydration (Markovnikov addition of water) to 
give alcohol C (C7Hi6O): 


Br 
"aw “ Sie 
Compound A Compound B 
po dilute H2SO4 
Compound C 
8.59. 


(a) This conversion requires an anti-Markovnikov 
addition of H and Br across the alkene, which can be 
achieved in just one step, by treating the starting alkene 
with HBr in the presence of peroxides: 


pm SPINE - eshte 
GU Ru "BE 


* En 
(b) This conversion requires a Markovnikov addition of 
H and Br across the alkene, which can be achieved in just 
one step, by treating the starting alkene with HBr: 


Br 
P HBr EN 
Ie 


(c) This conversion requires a Markovnikov addition of 
H and OH across the alkene, which can be achieved via 


acid-catalyzed hydration: 
PW P 


(d) This conversion requires an anti-Markovnikov 
addition of H and OH across the alkene, which can be 
achieved via hydroboration-oxidation. The process does 
proceed via syn addition, but only one chiral center is 
formed, and the syn addition can take place on either face 
of the alkene, giving a pair of enantiomers. 


Dc EN 


* En 
8.60. When treated with excess molecular hydrogen, both 
m bonds are expected to be reduced. The x bond 
incorporated in the ring can undergo hydrogenation from 
either face of the m bond, leading to the following two 
compounds. These cis- and .trans-disubstituted 
cyclohexanes are diastereomers because they are 
stereoisomers that are not mirror images of each other. 
excess H» 


Segue 


trans cis 


— 


Diastereomers 


H30* 


— > 


1) BH: THF 
————— 
2) H905, NaOH 


b 


8.61. This conversion requires the Markovnikov addition 
of water without carbocation rearrangement. This can be 
achieved via oxymercuration-demercuration: 


OH 
Z 1) Hg(OAc)s, H20 
2) NaBH, 
racemic 


Note that acid-catalyzed hydration (H3O^) would result in 
rearrangement to give a tertiary alcohol. 


8.62. In the presence of acid, the epoxide is first 
protonated, which requires two curved arrows, as shown 
below. The resulting intermediate is then attacked by a 
molecule of methanol, which functions as a nucleophile. 
This step requires two curved arrows. Then, in the final 
step of the mechanism, a molecule of methanol functions 
as a base and removes a proton, thereby generating the 


product. This final step is a proton transfer step, and 
therefore requires two curved arrows: 
H 
H -00 H 
a 4 Me l © 
A ER 
“ot 
| H^ `Me 
o 
eum H^ ^Me S 
MeO H I [9] 
ON 


8.63. In the first step of the mechanism, a proton is 
transferred from H3O* to the alkene, which requires two 
curved arrows, as shown. The resulting secondary 
carbocation then rearranges via a methyl shift, giving a 
more stable, tertiary carbocation. That step is shown with 
one curved arrow. The tertiary carbocation is then 
captured by a water molecule, which is shown with one 
curved arrow, going from the nucleophile (water) to the 
electrophile (the carbocation). Then, in the final step of 
the mechanism, a molecule of water functions as a base 
and removes a proton, thereby generating the product. 
This final step is a proton transfer step, and therefore 
requires two curved arrows, as shown: 


LC 


/ 
Hy O6 
Ci. T cS 
Methyl 
shift 


N 


(a) The reagents indicate a hydrogenation reaction, so the 
net result will be the addition of H and H across the alkene. 
The regiochemical outcome is not relevant because the 
two groups added (H and H) are identical. We expect the 
reaction to proceed via a syn addition, giving the 
following meso compound: 


H2 
-— a 
(PPh3)3RhCl 


meso 
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(b) The reagents indicate an acid-catalyzed hydration, so 
the net result will be the addition of H and OH across the 
alkene. We expect a Markovnikov addition, so the OH 
group will be installed at the more substituted position. 
No chiral centers are formed in the process, so 
stereochemistry is not a relevant consideration: 


PEN ee 


(c) The reagents indicate a hydroboration-oxidation, so 
the net result will be the addition of H and OH across the 
alkene. For the regiochemical outcome, we expect an 
anti-Markovnikov addition, so the OH group is installed 
at the less substituted position. The stereochemical 
outcome (syn addition) is not relevant in this case, because 


the product has no chiral centers: 
OH 
poe oe 


(d) The reagents indicate a dihydroxylation process (via 
an epoxide), so the net result will be the addition of OH 
and OH across the alkene. The regiochemical outcome is 
not relevant because the two groups added (OH and OH) 
are identical. We expect the reaction to proceed via an 
anti addition. In this case, two chiral centers are formed, 
so we expect the pair of enantiomers resulting from an anti 
addition: 


M^ 


H3O* 


—————— 


1) BH: THF 
a 
2) H202, NaOH 


1) RCO3H 


2) H30* 


HO, OH 


+ En 


8.65. 

(a) Hydroboration-oxidation gives an anti-Markovnikov 
addition. If l-propene is the starting material, the OH 
group will not be installed in the correct location. Acid- 
catalyzed hydration of 1-propene would give the desired 
product. 


(b) Hydroboration-oxidation gives a syn addition of H and 
OH across a double bond. This compound does not have 
an adjacent hydrogen atom that is cis to the OH group, and 
therefore, hydroboration-oxidation cannot be used to 
make this compound. 


(c) Hydroboration-oxidation gives an anti-Markovnikov 
addition, but the OH group is on a tertiary position. There 
is no starting alkene that would yield the desired product 
via an anti-Markovnikov addition. 


8.66. The bromination product is a four-carbon chain with 
Br atoms on C2 and C3, so compound X must be 2-butene. 
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Bromination of cis-2-butene does NOT give the desired 
meso compound: 


Br Br, Br 
Pye GER 


NOT meso 


In contrast, trans-2-butene gives the desired meso 
compound, as shown: 


f. Br 


ft CP 


meso 


Therefore, compound X is trans-2-butene. 


8.67. In each of the following cases, we draw the 
necessary alkene by removing the oxygen atoms from the 
product(s) and connecting the sp? hybridized carbon 
atoms to form a C-C bond: 


(a) (b) (c) 
H, H 

M 
(d) 


(0) (0) 5t 
3 
23 X § H = 2 


8.68. In the presence of a strong acid, the x bond is 
protonated to give a resonance-stabilized cation (shown 
below), which is even lower in energy than a tertiary 
carbocation. This protonation step determines the 
regiochemical outcome of the reaction, because the 
resonance-stabilized cation is captured by a bromide ion 
to give the product, as shown. 


Br e | 


| 
Ds :Br: pe EN 
BI | (T l 


resonance-stabilized 


8.69. 
(a) The two groups being added across the alkene are H 
and H, which can be accomplished by treating the alkene 


with molecular hydrogen (H2) in the presence of a suitable 
catalyst. 


H2 
TO 
Pt 
(b) The two groups being added across the alkene are Br 
and OH in an anti fashion, with the latter being installed 
at the more substituted position. This can be achieved by 


treating the alkene with Br» in the presence of water 
(halohydrin formation): 


Br 
— >> 
HsO 
(c) Cleavage of the C=C double bond can be achieved via 
ozonolysis: 


(0) 


(d) The two groups being added across the alkene are H 
and OH. The OH group must be installed at the less 
substituted carbon atom, so we must use conditions that 
give an anti-Markovnikov addition of H and OH. This 
can be accomplished via hydroboration-oxidation, which 
proceeds via a syn addition: 


1) BH3- THF at 
—————————————» 
2) H)05, NaOH *En 
OH 


8.70. 
(a) Cleavage of the C=C double bond can be achieved via 
ozonolysis: 


0 
1) 05 
2) DMS 


(b) The two groups being added across the alkene are H 
and Br. The latter is installed at the less substituted 
position, so we must use conditions that give an anti- 
Markovnikov addition of H and Br. This can be 
accomplished by treating the alkene with HBr in the 
presence of peroxides. 

Br 


HBr 
ROOR 


(c) The two groups being added across the alkene are H 
and OH. The OH group is installed at the less substituted 
carbon atom, so we must use conditions that give an anti- 


Markovnikov addition of H and OH. 
accomplished via hydroboration-oxidation. 


HO 


This can be 


1) BH3-THF 
2) H202, NaOH 


(d) The two groups being added across the alkene are OH 
and OH. No chiral centers are formed, so stereochemistry 
is irrelevant. We have learned more than one way to 
achieve a dihydroxylation. For example, we can convert 
the alkene to an epoxide and then open the epoxide under 
aqueous acidic conditions. 


O HO OH 


Alternatively, we can treat the alkene with catalytic 
osmium tetroxide and a suitable co-oxidant, or even with 
cold potassium permanganate and NaOH. 


HO OH 
OsO,y (catalytic) 
—_ 
NMO 


N KMnO4, NaOH / 


Cold 


(e) The two groups being added across the alkene are Br 
and OH, with the latter being installed at the more 
substituted position. This can be achieved by treating the 
alkene with Br» in the presence of water (halohydrin 
formation): 


HO Br 
—- 
H20 


(£) The two groups being added across the alkene are H 
and OH, with the latter being installed at the more 
substituted position (Markovnikov addition). This can be 
achieved via acid-catalyzed hydration: 


OH 
H30* 


(g) The two groups being added across the alkene are H 
and Br. The Br group must be installed at the more 
substituted, tertiary position, so we must use conditions 
that give a Markovnikov addition of H and Br. This can 
be accomplished by treating the alkene with HBr. 
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Br 
HBr 


(h) This transformation requires the elimination of H and 
Br to give the more substituted alkene (Zaitsev product), 
so a strong base is required (such as hydroxide, 
methoxide, or ethoxide): 


Br 
NaOMe 


(i) The two groups being added across the alkene are H 
and H, which can be accomplished by treating the alkene 
with molecular hydrogen (H2) in the presence of a suitable 
catalyst. 


H2 
— 


Pt 


(j) The two groups being added across the alkene are OH 
and OH, and they must be installed via a syn addition. 
This can be achieved by treating the alkene with catalytic 
osmium tetroxide and a suitable co-oxidant, or with cold 
potassium permanganate: 


OsO,y (catalytic) 
NMO 


N. KMnO, NaOH 


Cold 


(k) The two groups being added across the alkene are OH 
and OH, and they must be installed via an anti addition. 
This can be achieved by treating the alkene with a peroxy 
acid, followed by aqueous acid: 


1) RCO3H 
red 


8.71. Let’s begin by drawing the structures of the alkenes 


under comparison: 
P pu. 
4-methyl-1-pentene 


2-methyl-2-pentene 


Addition of HBr to 2-methyl-2-pentene is expected to be 
more rapid because the reaction can proceed via a tertiary 
carbocation. In contrast, addition of HBr to 4-methyl-1- 
pentene proceeds via a less stable, secondary carbocation. 
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8.72. When treated with molecular bromine (Br2), the 
alkene is converted to an intermediate bromonium ion, 
which is then subject to attack by a nucleophile. We have 
seen that the nucleophile can be water when the reaction 
is performed in the presence of water, so it is reasonable 
that the nucleophile can be H5S in this case, as shown 
below: 


This should give the installation of an SH group (rather 
than an OH group) at the more substituted position. 


8.73. We begin by drawing all possible alkenes with the 
molecular formula CsHio. We can use a methodical 
approach by first considering all isomers with an 
unbranched parent chain, and then branched isomers with 
a four-carbon chain: 


Five-carbon chain 


4 2 4 
3 
2 4 2 4 
1 3 1 3 


Among these isomers, only two of them will undergo 
hydroboration-oxidation to afford an alcohol with no 


chiral centers, shown here: 


ZN 
OH 


Ay iar CP 


The remaining four isomers will undergo hydroboration- 
oxidation to produce alcohols that do possess a chiral 
center (marked with * below): 


1) BH3* THF 
——————— 
2) H205, NaOH 


1) BH3* THF 
2) H202, NaOH 


f hydroboration- | | 
oxidation 
AV AY 
fe) OH 
8.74. We expect a syn addition of D and D across the 


H 
alkene, giving a pair of enantiomers: 


D2 
— 
Pt 


8.75. 

(a) First draw the starting alkene. Treating this alkene 
with HBr will result in a tertiary alkyl halide. But if 
peroxides are present, an anti-Markovnikov addition via a 
radical process will occur, resulting in the formation of a 


secondary alkyl halide, as shown: 
HBr B 
— —- 
ROOR 
(b) First draw the starting alkene. Treating this alkene 


with HBr results in a Markovnikov addition to give a 
tertiary alkyl halide, as shown: 


JA —R tA 


(c) First draw the starting alkene. In this case, a syn 
dihydroxylation is required in order to produce a meso 
diol. We have seen several reagents that can be used to 
accomplish a syn dihydroxylation, such as cold potassium 
permanganate: 


OH 
pM * 
5 d en 
OH 


KMnO, , NaOH HQ pn 


— 


AN Cold 


Alternatively, we could achieve the same result with 
catalytic osmium tetroxide and a suitable co-oxidant. 


(d) First draw the starting alkene. In this case, an anti 
dihydroxylation is required in order to prepare 
enantiomeric diols. This can be accomplished by 
converting the alkene into an epoxide, followed by acid- 
catalyzed ring opening of the epoxide, as shown. 


1) RCO3H He ee 
JTN JHO "E 


8.76. 

(a) Begin by drawing the starting alkyl halide. This 
tertiary alkyl halide can be converted into a primary alkyl 
halide via a two-step process (elimination followed by 
addition). In each case, we must carefully consider the 
regiochemical outcome. During the elimination process, 
there is only one regiochemical outcome, so any strong 
base will work (even if it is sterically hindered, although 
that is not necessary). In the addition process, we want to 
install a halide at the less substituted position. This can 
be achieved only if the halide is Br, employing an anti- 
Markovnikov addition of HBr (with peroxides): 


M Pp 


(b) Begin by drawing the starting alkyl halide. This 
secondary alkyl halide can be converted into a primary 
alkyl halide via a two-step process (elimination followed 
by addition). In each case, we must carefully consider the 
regiochemical outcome. During the elimination process, 
there is only one regiochemical outcome, so any strong 
base will work (even if it is sterically hindered). In fact, 
in this case, there is a distinct advantage to using a 
sterically hindered base. Specifically, it will suppress the 
competing Sn2 process (the substrate is secondary, so Sn2 
should be a minor product, unless a sterically hindered 
base is used). During the addition process, we want to 
install Br at the less substituted position, so we will need 
an anti-Markovnikov addition of HBr (using peroxides): 


1) NaOMe 
2) HBr, ROOR 


Br 1) -BuOK 


2)HBr,ROOR — 78 

8.77. 

(a) Begin by drawing the starting alkene. This 
trisubstituted alkene can be converted into a 
monosubstituted alkene via a two-step process (addition, 
followed by elimination). We must be careful to control 
the regiochemical outcome of each step of the process. 
During the addition reaction, we want to install Br at the 
less substituted position (anti-Markovnikov), so we treat 
the alkene with HBr in the presence of peroxides. Then, 
the elimination reaction must be performed in a way that 
gives the less substituted alkene (Hofmann product), so 
we must use a strong, sterically hindered base (such as 


tert-butoxide). 
a 


= 


(b) Begin by drawing the starting alkene. This 
disubstituted alkene can be converted into a 
tetrasubstituted alkene via a two-step process (addition, 
followed by elimination). We must be careful to control 
the regiochemical outcome of each step of the process. 
During the addition reaction, we want to install Br at the 
more substituted position (Markovnikov), so we treat the 
alkene with HBr (without peroxides). Then, the 
elimination process must be performed in a way that gives 
the more substituted alkene (Zaitsev product), so we must 


1) HBr, ROOR 
2) t-BuOK 
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use a strong base that is not sterically hindered, such as 
methoxide (hydroxide or ethoxide can also be used). 


1) HBr 
2) NaOMe 


ENS 


8.78. Since this reaction proceeds through an ionic 
mechanism, we expect the mechanism to be comprised of 
two steps: 1) proton transfer, followed by 2) nucleophilic 
attack. In the first step, a proton is transferred from HCl 
to the alkene, which requires two curved arrows, as shown 
below. There are two possible regiochemical outcomes 
for the protonation step, and we might have expected 
formation of a tertiary carbocation. However, in this 
particular case, the other regiochemical outcome is 
favored because it involves formation of a resonance- 
stabilized cation. As a result of resonance stabilization, 
this cation is even more stable than a tertiary carbocation, 
and the reaction proceeds via the more stable 
intermediate. This cation is then captured by a chloride 
ion in the second step of the mechanism, which requires 
two curved arrows, as shown: 


ES 


LO 
| — He 
CI 


8.79. Protonation of the alkene requires two curved 
arrows, as shown in the first step of the following 
mechanism. This leads to the more stable, secondary 
carbocation (rather than a primary carbocation). This 
secondary carbocation then undergoes a rearrangement, in 
which one of the carbon atoms of the ring migrates (as 
described in the problem statement). This is represented 
with one curved arrow that shows the formation of a more 
stable, tertiary carbocation. In the final step of the 
mechanism (nucleophilic attack), the carbocation is 
captured by a bromide ion. This step requires one curved 
arrow, going from the nucleophile (bromide) to the 
electrophile (the carbocation), as shown: 


à EVE 
Oy 


resonance-stabilized 


E 
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8.80. 

(a) Compound X reacts with H2 in the presence of a 
catalyst, so compound X is an alkene. The product of 
hydrogenation is 2-methylbutane, so compound X must 
have the same carbon skeleton as 2-methylbutane: 


BP 


2-methylbutane 
We just have to decide where to place the double bond in 


compound X. Keep in mind that the following two 
structures represent the same compound: 


BM 
P = 2 4 
1 3 3 


2-methyl-1-butene 2-methyl-1-butene 


So, there are only three possible locations where we can 


place the double bond: 


(b) Upon hydroboration-oxidation, only one of the three 
proposed alkenes will be converted to an alcohol without 


any chiral centers, shown below: 


Each of the other two compounds will be converted into 
an alcohol with a chiral center (marked with * below): 


Biss ee 
de Ms du 


8.81. Thecorrect answer is (c). Each ofthe double bonds 
is cleaved upon ozonolysis, giving the following products: 


(BHeTHE 
T2) H207, NaOH . H5O5, NaOH 


1) BHs: THF —— THF 
"2) H202, NaOH — H2032, NaOH 


(BH THEO 
T2) H207, NaOH 


Answer (c) is the only structure that is not among these 
products. 


8.82. The correct answer is (d). Answer (a) is not correct, 
because the OH group would be installed at the more 
substituted position, as shown here: 


DJ 


Answer (b) is not correct, because the OH group would be 
installed at the less substituted position, as shown here: 


) f 1} BH3:THF >a 


2) H905, NaOH 
Answer (c) is not correct, because a rearrangement is 


possible, giving a mixture of products: 
/ H3O* 
——— + o 
OH 


Only one of these products is the desired product, so this 
method is not efficient. 

Answer (d) is the correct answer, because hydroboration- 
oxidation involves installation of an OH group at the less 
substituted position (anti-Markovnikov): 


1)BHsTHF ( 
2) H202, NaOH 


OH 
8.83. The correct answer is (b). Acid-catalyzed 
hydration is believed to occur via the following 
mechanism: 


Ae — 
NS 
Palas 


© 


H30* 


—— 


Dilute H2504 


As shown, this mechanism has two intermediates, which 
correspond with answer (b), structures I and II. 


8.84. The correct answer is (d). During the addition 
process (Step 1), we want to install Br at the less 
substituted position (anti-Markovnikov), so we treat the 
alkene with HBr in the presence of peroxides. Then, the 
elimination process (Step 2) must be performed in a way 
that gives the less substituted alkene (Hofmann product), 


so we must use a strong, sterically hindered base (such as 
tert-butoxide). 


Br 

8.85. 

The correct answer is (b). Treating an alkene with 
molecular bromine (Br?) and water results in the addition 
of OH and Br across the alkene (halohydrin formation). 
The OH group is expected to be installed at the more 
substituted position, while Br is installed at the less 
substituted position. In this case, two new chiral centers 
are generated, so we expect only the pair of enantiomers 
that would result from anti addition. 


8.86. 

The correct answer is (a). Treating an alkene with catalytic 
osmium tetroxide and NMO results in the addition of OH 
and OH across the alkene. In this case, two new chiral 


8.88. 
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centers are generated, so we expect only the pair of 
enantiomers that would result from syn addition. 


8.87. 

The correct answer is (c). The mechanism begins with 
protonation of the alkene, which leads to the more stable, 
secondary  carbocation (rather than a primary 
carbocation). This secondary carbocation then undergoes 
a hydride shift, shown with one curved arrow, generating 
a more stable, tertiary carbocation. In the final step 
(nucleophilic attack), the carbocation is captured by a 


bromide ion. 
Br 
fag 


T 
x d: 


The correct answer is (d). Each alkene is classified according to its degree of substitution. The most highly substituted 
(trisubstituted) alkene will be the most stable. The four isomeric alkenes can be arranged in the following order of 


stability: 


increasing stability 


ET S 


monosubstituted cis disubstituted 


8.89. 

The correct answer is (c). We begin by identifying the 
parent. The longest possible chain (including both carbon 
atoms of the C=C bond) has seven carbon atoms, so the 
parent is heptene. There is only one substituent 
(highlighted), an isopropyl group, or (1-methylethyl) 
group. The parent is numbered from right to left to give 
the double bond the lower possible number, so the parent 
is 2-heptene. Finally, we must determine the configuration 
of the double bond. Of the two groups attached to C3, the 
isopropyl group has a higher priority than the butyl group, 
and the isopropyl group is on the opposite side of the 
methyl group on Cl, so the alkene has the (£) 
configuration. 


(E)-3-(1-methylethyl)-2-heptene 


end eon 
trans disubstituted trisubstituted 


8.90. We begin our retrosynthetic analysis of the target 
molecule by asking the following question, “What starting 
material can be used to make an alcohol with the desired 
stereochemistry?" In this case, the target alcohol can be 
produced from an alkene intermediate, via hydroboration- 
oxidation: 


G- — O 


(+ hydroboration- 
oxidation) 


Continuing our retrosynthetic analysis, we must ask how 
we can make this alkene from the given alkyl bromide? 


Dn 


Notice the pi bond of the alkene is in a different location 
than the halide in the starting alkyl halide, so we will need 
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to change the identity AND location of the functional 
group. The geminal disubstituted alkene shown below is 
an ideal intermediate structure to consider in the continued 
retrosynthetic analysis: 


r 


The above plan suggests one possible route for the desired 
transformation 


OH 
+ En 
1) -BuOK e 
2) HBr 
Br 3)NaOMe 

4) BHa-THF 

t-BuOK 5) H202, D BHs-THF 
NaOH 2) H9O5, NaOH 


* e 
HBr li z. i NaOMe 


Other acceptable solutions are certainly possible. For 
example, after the first step (elimination with tert- 
butoxide), the next two steps (addition of HBr, followed 
by elimination) could be replaced with acid-catalyzed 
hydration, followed by elimination with conc. H2SO«. 


OH 
+ En 
1) -BuOK 
O^ gi O- 
Br 3) conc. H2SO4, 
heat 
tBuOK 4) BH3-THF 1) BH3: THF 
5) H202, 2) H505, NaOH 
NaOH 


8.91. Compound X reacts with H» in the presence of a 
catalyst, so compound X is an alkene. There is only one 
alkene (shown below) that can be converted to 2,4- 
dimethyl-1-pentanol via hydroboration-oxidation. 
Treatment of that alkene with aqueous acid affords the 
tertiary alcohol shown below (via Markovnikov addition): 


H30* 
AK X 
1) BH3: THF 
NaOH 


Jis 


2,4-dimethyl-1-pentanol 
(racemic) 


8.92. The substrate is a secondary alkyl halide, and treatment with fert-butoxide gives the less substituted alkene 


(Hofmann product) as the major product. 


When that alkene is treated with HBr, the x bond is protonated to give a 


secondary carbocation (rather than a primary carbocation). This carbocation can either be captured by a bromide ion, 
giving enantiomeric products A and B below, or the carbocation can undergo a rearrangement (hydride shift) to give a 
tertiary carbocation, which is then captured by a bromide ion, affording product C. 


CI 
t-BuOK 
——— ai 


nn gy 


tlla dis 


8.93. Compound Y reacts with Hz in the presence of a catalyst, so compound Y is an alkene. There is only one alkene 


(shown below) that is consistent with the information provided in the problem statement. 


Ozonolysis of that alkene 


results in cleavage of the C=C bond to give two separate compounds, each of which has a C=O bond, shown here: 


HBr, ROOR 


| Compound Y 


C7H42 


on 


| H3, Pt 


oe 
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8.94. Each of the products is an aldehyde, and their sp? hybridized carbon atoms were once connected to each other as 
a C=C bond in the original alkene. That gives the following two possibilities (cis and trans stereoisomers) for the 


structure of the original alkene: 


8.95. 

(a) In the presence of aqueous acid, the epoxide is first 
protonated (two curved arrows), as shown below. The 
resulting intermediate can then undergo an Sn2-like, 
intramolecular attack (two curved arrows), in which the 
OH group functions as the nucleophilic center. Then, in 
the final step of the mechanism, a molecule of water 
functions as a base and removes a proton, thereby 
generating the product. This final step is a proton transfer 
step, and therefore requires two curved arrows: 


OH H 


aa = (e H 


/ 
a. H700 
» \ 
e" l 
OO: o^ 


(b) In the presence of aqueous acid, the epoxide is first 
protonated (two curved arrows), as shown. The resulting 
intermediate can then undergo an Sn?2-like, intramolecular 
attack (two curved arrows), in which the x bond functions 
as the nucleophilic center. Then, in the final step of the 
mechanism, a molecule of water functions as a base and 
removes a proton, thereby generating the product. This 
final step is a proton transfer step, and therefore requires 
two curved arrows: 


8.96. The retrosynthetic analysis of the target molecule 
begins with the following question: “What starting 
material can be used to make a product with two aldehyde 
groups?" We know that C=O bonds can be made from 
oxidative cleavage of an alkene, so we draw an alkene by 
removing the two oxygen atoms from the product, and 
connecting the sp? hybridized carbon atoms (highlighted 
below) as a C=C bond, like this: 


Mo Ay. 


And this alkene can be made from the given alkyl 
chloride: 


d, — ds 
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Now let’s draw the forward process. The synthesis can be 
achieved via elimination followed by ozonolysis. 
Treatment of the alkyl halide with a strong base gives an 
alkene which can then be converted into the desired 
product via ozonolysis. For the elimination step, any 
strong base can be used, since the substrate is secondary 
(so E2 will be favored over Sn2), but use of a sterically 
hindered base, such as t-BuOK will further favor the E2 
product over the Sn2 product. 


(6) oO 
Cl 
È y 1) EBUOK 
—————- H 
2)04 ki 


3) DMS 


tBuOK aby 


Note that there is only one regiochemical outcome for the 
elimination step. Recall (Section 7.6) that Bredt’s rule 
states that it is not possible for a bridgehead carbon of a 
bicyclic system to possess a C=C double bond if it 
involves a trans n bond being incorporated in a small ring: 


1) O4 
2) DMS 


trans 
n bond 
o J 
D RO x 
(Not formed) 


8.97. When the alkene is treated with molecular bromine 
(Br2), the x bond functions as a nucleophilic center and 
attacks Br» (three curved arrows), resulting in an 
intermediate bromonium ion. The bromonium ion is then 
subject to attack by a nucleophilic center, such as the OH 
group that is tethered to the bromonium group. The 
resulting intramolecular nucleophilic attack (two curved 
arrows) generates an oxonium ion, which then loses a 
proton (two curved arrows) to give the product. 


"ETE 


E D 
@? 


8.98. When the alkene is treated with molecular iodine 
(I2), the x bond functions as a nucleophilic center and 
attacks I2 (three curved arrows), resulting in an 
intermediate iodonium ion. Note that the configuration of 
the iodonium ion (with iodine on wedges, meaning that it 
is coming out of the page) is consistent with Iz 
approaching the less sterically hindered face of the alkene 
(opposite the CH2OH group). The iodonium ion is then 
subject to attack by a nucleophile, such as the nucleophilic 
oxygen atom that is tethered to the iodonium group. The 
resulting intramolecular nucleophilic attack (two curved 
arrows) generates an intermediate which then loses a 
proton (two curved arrows) to give the product. 


a" O wi O H 
7 7 
NN 


"ua 


8.99. The cis-dibromide is not obtained. This can be 
explained if we argue that the carbocation (formed upon 
protonation of the x bond) is converted into a bromonium 
ion, as shown here. The incoming nucleophile (bromide) 
would have to attack from the backside of the bromonium 
bridge, giving a trans dibromide: 


Br © 
^ ib 
— oS 
+ En + 
Br 
Br VD 
* En 


8.100. Inspection of the molecular formula reveals that 
compound A contains the same number of carbon atoms 
as the product of ozonolysis, compound B (21 carbon 
atoms). Thus, we can predict the structure of compound 
A by choosing any two carbonyl (C=O) groups in the 
product, removing the oxygen atoms, and connecting the 
sp? hybridized carbon atoms with a double bond. There 
are three carbonyl groups, so there are three possible 
alkenes that should be considered. 
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The only logical reactant is one in which carbons 2 and 3 
are connected in a fused cyclopentene precursor. This is 
the structure of compound A. 


Compound B 


Attachment of carbons 1 and 2 would result in a complex 
ring system with far too much strain to possibly exist. 
Carbons 1 and 2 are remotely located on opposite ends of 
the molecule, pointing in opposite directions. Indeed, we 
will later learn that this polycyclic skeletal structure is 
very rigid, and the hypothetical connection of carbons 1 
and 2 is impossible. 


Compound A 


Ozonolysis of compound A generates a single product, 
compound B. 


Similarly, if carbons 1 and 3 were attached it would also 
result in significant strain (below). Though these carbons 
are closer than 1 and 2, and they are linked by a slightly 
more flexible chain, the trans relationship of the two 
connecting groups creates too much angle strain: 


Compound B 


8.101. 

(a) The reagents indicate a hydroboration-oxidation, in which an alkene is converted to an alcohol. In compound 1, there 
are two alkene groups, so we must choose which one is more likely to react with BH3. One alkene group is disubstituted, 
while the other is tetrasubstituted: 


Tetrasubstituted 
Disubstituted 


Since the rate of hydroboration is particularly sensitive to steric factors, we expect the disubstituted alkene group to 
undergo hydroboration more readily. 


(b) As mentioned in part (a), hydroboration is sensitive to steric considerations. When we inspect both vinylic positions, 
we find that both are equally substituted. The tie-breaker will likely be the nearby presence of a six-membered, aromatic 
ring, which provides significant steric crowding that favors the following regiochemical outcome: 
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O 


= 
p 
a 


In predicting the stereochemical outcome, we once again invoke the steric bulk of the six-membered, aromatic ring. 
Specifically, the front face of the alkene group is blocked by the large six-membered, aromatic ring. As a result, the back 


face of the alkene is more accessible, so the reaction occurs more readily on the back face, giving the following expected 
product: 


oO 
Onn 
- 


8.102. 


The bromonium ion is unusually resistant towards nucleophilic attack by the bromide anion because of significant steric 
hindrance involved when the anion approaches the electrophilic carbon atoms of the bromonium ion. 


Too sterically hindered 
for nucleophile to attack 


Thus, there is a very large activation energy associated with this bromonium ion being attacked by a nucleophile. This 
can be illustrated by comparing the following reaction coordinate diagrams: 


Energy Energy 


Reaction Coordinate Reaction Coordinate 
(propylene) (adamantylideneadamantane) 
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The first figure (left) is the expected energy diagram for bromination of propylene, while the second figure (right) is a 


proposed energy diagram for bromination of adamantylideneadamantane. The first step in each figure is similar, but 
compare the second step in each figure (nucleophilic attack of the bromonium ion). 


For bromination of 
adamantylideneadamantane, the magnitude of the activation energy for the second step is so large that this step does not 
take place at an appreciable rate. 


8.103. 


Hydroboration of an alkene typically occurs with equal probability from both faces of the n-bond. However, in the case 

of a-pinene, the top face of the n-bond is blocked by one of the methyl substituents, so the approach of borane on this 
face of the m-bond is severely hindered. Therefore, hydroboration cannot occur at an appreciable rate on the top face of 
the zx-bond. However, the bottom face of the m-bond is unhindered; it is much more accessible to hydroboration. As a 

result, boron and hydrogen add in a syn-fashion to the bottom face of a-pinene resulting in the IpcBH2 diastereomer 
shown; as always, boron is added to the less hindered position on the alkene. A racemic mixture is not formed, because 
the synthesis begins with a chiral alkene (single enantiomer). 


top face 
is blocked 


H 
se H 
BO 
| 
" H 
Y ` lpcBH?; H 
bottom face i \ 
is accessible | D / Not observed 
eene 
H 


Notice that the methyl group of the alkene is now occupying an equatorial position in the product. 


Next, the n-bond of a second molecule of a--pinene will react with IpcBHo, also from the same face, to produce 
the observed diastereomer of Ipc2BH, as a single enantiomer. 


H 
pow 


lpcBH> 


lpc2BH 
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8.104. 


Building a molecular model is perhaps the best way to see that the bottom face of the x bond is more hindered than the 
top face. Alternatively, this can be seen if we redraw the compound in a Haworth projection: 


Notice that the x bond is in the plane of the ring, and the large and bulky OSEM group is positioned below the plane of 
the ring, directly underneath the x bond. As such, the bottom face of the t bond is sterically encumbered, so approach 
of the oxidizing agent (OsO4) from that face is blocked (it would involve a transition state that is too high in energy). 
Attack on the top face is unencumbered, so it involves a lower energy transition state, and as a result, the reaction occurs 
more readily on this face. 


8.105. 

(a) As indicated in the problem statement, sodium bicarbonate functions as a base and deprotonates the carboxylic acid 
group to give a carboxylate ion. Then, the x bond reacts with D to give an iodonium ion (similar to a bromonium ion), 
which is then opened via an intramolecular nucleophilic attack to give the product: This process is called 
iodolactonization, because the product features a newly installed cyclic ester group (a lactone) as well as an iodo group: 


(b) Let's simplify our drawings by referring to the following large groups as R and R': 


sa 


R 
CF S 
M Ve 
[9] 


Now we are ready to look down the C4-C5 bond, like this: 
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R' observer 


Let's rotate this entire Newman projection by 90? (which does not change the conformation at all) so that we can clearly 
see the top face and bottom face of the x bond: 


H R top face 
1 CHs 
H3C H = R' RR 
"i: 
R' bottom face 


Notice that the two largest groups (R and R’) are farthest away from each other. In our search for the lowest energy 
conformation, this conformation should be the first one that we examine, because significant steric interactions will be 
present if R and R' are near each other in space. When we analyze this conformation, we see two additional factors 
contributing to its overall energy: 1) gauche interactions between the methyl group and the R group, and 2) an eclipsing 
interaction between R' and a hydrogen atom. The former can be avoided by rotating the front carbon atom 
counterclockwise, like this: 


y. 
Ra — — Oni 
\ YF OR "DR 


We have traded one eclipsing interaction for another (presumably similar), but notice that we have lost the gauche 
interaction. Accordingly, we expect this conformation to be the most stable conformation, looking down the C4-C5 
bond. This means that the molecule will spend most of its time in this conformation. Notice that, in this lowest energy 
conformation, the bottom face of the bond is sterically hindered, while the top face is relatively unhindered: 


Hc top face 
H XH 
H 
R 
R' 
~<— Steric 
crowding 


bottom face 


That is, the top face is more accessible (most of the time). As such, if D approaches from the top face of the x bond, the 
transition state will be lower in energy then if attack occurs from the bottom face. So attack of the top face occurs more 
readily. 
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8.106. 

The oxymercuration reaction involves an electrophilic 
mercuric cation reacting with a nucleophilic x bond of an 
alkene in an addition reaction. So, as the x bond of the 
alkene is rendered less nucleophilic due to electron- 
withdrawing substituent(s), the reaction rate is expected 
to decrease. Also, steric effects may come into play as the 
number of substituents around the x bond increases. 
Among the alkenes listed, alkene 1 is disubstituted while 
4 is trisubstituted: 


Ag BA 


1 4 
(Disubstituted) (Trisubstituted) 


The remaining alkenes are all monosubstituted: 


P Me 


\ 2 3 5 J 


(All are monosubstituted) 


ay 


Given that alkyl substituents are generally electron- 
donating groups, we would expect 1 and 4 to be the most 
reactive. More specifically, compounds 1 and 4 are the 
only ones capable of having a tertiary carbocation as a 
resonance contributor in the mercurinium ion 
intermediate (shown below is the mercurinium ion formed 
from alkene 4): 


OAc 
ng OAc OAc 
© | | 
T ©Hg 
4 Ve ion 
Tertiary 
carbocation 


Therefore, these mercurinium ions are expected to be 
among the most stable ones, and hence, the 
oxymercuration reactions of alkenes 1 and 4 are expected 
to proceed the fastest. But this expectation does not bear 
itself out for alkene 4 in the relative reactivity data (alkene 
4 is among the slower reacting compounds). This anomaly 
must be due to the steric repulsion associated when the 
mercuric cation tries to approach the x bond, or a 
destabilizing steric effect present in the resulting 
mercurinium ion intermediate between these substituents 
and the bound mercury ion. 

The monosubstituted alkenes 2, 3 and 5 are all less 
reactive than 1 because their corresponding mercurinium 


ions involve resonance structures with a secondary 
carbocation, thus resulting in higher energy than the 
mercurinium ion obtained from compound 1. Alkene 3 
reacts slower than 2 due to electron-withdrawal from the 
—OMe group, which would destabilize the mercurinium 
ion by further reducing the electron density of the 
resulting secondary carbocation resonance contributor. A 
similar inductive effect would also destabilize the 
mercurinium ion from alkene 5, but an additional steric 
destabilization due to the large chlorine atom may also be 
in effect to make this alkene the slowest reacting 
compound among the series. 


8.107. 

The hydroboration reaction involves an electrophilic 
borane (or an organoborane such as 9-BBN) reacting with 
a nucleophilic alkene in an addition reaction. So, as the x 
bond of the alkene is rendered more nucleophilic due to 
electron-donating substituent(s), the reaction rate is 
expected to increase. Steric effects (that arise because of 
the bulky reagent) are also expected to play an important 
role in determining the relative rates of reactivity. 


(a) Alkene 1 possesses an alkoxy substituent (OR) 
connected to the double bond. An alkoxy group is 
expected to be inductively electron-withdrawing, because 
oxygen is an electronegative atom and will therefore 
withdraw electron density away from the x bond. This 
effect should render the x bond less reactive (less 
nucleophilic). However, the alkoxy group is expected to 
be electron-donating via resonance, as seen when we draw 
the resonance structures: 


— ——»- 


CZ 
1 


So there are two effects in competition with each other. 
The alkoxy group is expected to be electron-withdrawing 
via induction, but it is expected to be electron-donating 
via resonance. Which effect is stronger? We have seen 
that, in general, resonance is a stronger effect than 
induction. As such, we would expect the alkoxy group to 
be electron-donating, which would render the alkene more 
nucleophilic (more reactive). This prediction is verified 
by the high rate of reactivity of compound 1. 

The x bond in compound 2 has an attached alkyl group, 
rather than an alkoxy group, so there is no resonance 
effect. The only effect is induction (we have seen that 
alkyl groups are generally electron donating). As such, the 
nucleophilicity of the x bond in compound 2 is expected 
to be enhanced by the presence of the alkyl group, but it 
is not expected to be quite as nucleophilic as the x bond 
in compound 1. 

Compounds 3 and 5 both exhibit a CH» group in between 
the m bond and the substituent. As such, the substituents 
in these compounds do not affect the xt bond via resonance 
effects, only via inductive effects. Both substituents 
(OMe and OAc) are expected to be inductively electron- 


withdrawing. Therefore, the x bonds in these cases are 
less electron-rich than in compounds 1 or 2. The acetoxy 
group of alkene 5 is expected to be a stronger electron- 
withdrawing group than the methoxy group of 3 since the 
carbonyl group in the former compound will enhance the 
electron-withdrawing ability of the oxygen atom via 
resonance. Compound 4 is interesting in that the acetoxy 
oxygen atom is expected to be an electron-donating group 
with respect to the alkene x bond (via resonance), much 
like the oxygen atom in compound 1. From the relative 
reactivity data, however, the lone pairs on the acetoxy 
oxygen are apparently less efficient at donating to the 
carbon-carbon x bond. This can be explained by 
recognizing that the lone pairs on the acetoxy oxygen are 
already partially delocalized into the carbonyl group: 


O © 
D 
4 


That is, the lone pairs on the acetoxy oxygen are less 
available to donate electron density to the x bond. 
Therefore, the acetoxy group of 4 influences the reactivity 
primarily through its inductive and steric effects, which 
will be much like that of the substituents in compounds 3 
and 5. 
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(b) Compound 6 is apparently able to impose the electron- 
withdrawing effect due to induction of the -CN group on 
the alkene x bond via the shorter o bond (due to the sp?- 
sp orbital overlap) between the CH2 and the CN groups, 
and thus the closer proximity of the partial positive charge 
to the x electrons of the alkene. This is apparent when 
comparing the relative rates between compounds 5 and 6. 
Here, though the oxygen atom in compound 5 is more 
electronegative than carbon, the carbon atom of the cyano 
group apparently possesses a very large partial positive 
change that effectively renders this carbon atom more 
electronegative than that of the acetoxy oxygen atom of 5. 
The low reactivity associated with compound 7 may be 
due to both induction and steric effects, since the inductive 
withdrawal of electron density by the chlorine atom is not 
expected to exceed the substituent in compound 5. 


(c) Compounds 2, 8 and 9 illustrate the consequences of 
steric effects on the hydroboration reaction. Compounds 8 
and 9 are the only disubstituted alkenes among the series, 
and it is not surprising that they have the lowest relative 
reactivity, due to increased steric effects. They are more 
than 100 times lower in reactivity than compound 2, the 
only monosubstituted alkene with no significant 
electronic effects (i.e. resonance and induction). In 
compound 9, the electron-withdrawing effect of the 
chlorine atom, which is superimposed upon the increased 
steric effect, further lowers the reactivity. 


8.108. When approaching this problem, it would be advisable to first label the carbon side chain coming off the benzene 
ring so that you can determine what new connections have been made. Your numbering system does not need to conform 
to IUPAC rules for assigning locants. Rather, it is OK to use an arbitrary numbering system, because the goal of the 
numbering system is to track the fate of all atoms during the transformation: 


With this numbering system, the benzene ring is attached to C2 of the chain and the phenolic oxygen is attached to C6 


of the chain in the product. 


Based on this, a possible mechanism is illustrated below. Protonation of the tertiary alcohol, followed by loss of water, 
gives the stable tertiary benzylic carbocation (at C2). Markovnikov attack of the terminal alkene (C6 and C8) at the 
tertiary benzylic carbocation affords a tertiary carbocation at C6. This carbocation is then attacked by the phenolic oxygen 


to afford the final product after removal of the acidic proton. 
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8.109. 

The first step involves formation of a bromonium ion, which requires three curved arrows, followed by an intramolecular 
nucleophilic attack in which the OH group functions as a nucleophilic center and attacks the bromonium ion. 
Deprotonation then affords a cyclic ether. In the last step, a methoxide ion functions as a base and removes a proton, 
which leads to expulsion of bromide in an E2 process. 


OH 
Hu SH 
— 
[9) HU 
[à 
e 


You might be wondering about the stereochemistry of the last step (the E2 process). In general, E2 processes occur more 
rapidly when the H and the leaving group are anti-periplanar in the transition state. However, it is possible for an E2 
process to occur via a transition state in which the H and leaving group are syn-periplanar. In general, this is not favored 
(the transition state is high in energy because all groups are eclipsed rather than staggered), but in this case, the rigid 
geometry of the polycyclic structure essentially locks the H and the leaving group into a syn-periplanar arrangement, 
where the H and the leaving group are eclipsing each other. As such, the reaction can occur, because the minimum 
requirement of periplanarity is still met. 


Chapter 9 
Alkynes 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 9. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e =A triple bond is comprised of three separate bonds: one bondandtwo — bonds. 

e Alkynes exhibit geometry and can function as bases or as 

e  Monosubstituted acetylenes are terminal alkynes, while disubstituted acetylenes are 
alkynes. 

e Catalytic hydrogenation of an alkyne yields an 

e A dissolving metal reduction will convert an internal alise into a alkene. 


e  Acid-catalyzed hydration of alkynes is catalyzed by mercuric sulfate (HgSOx) to produce an 
that cannot be isolated because it 1s rapidly converted into a ketone. 
e  Enols and ketones are , which are constitutional isomers that rapidly interconvert 
via the migration of a proton. 
e When treated with ozone followed by water, internal alkynes undergo oxidative cleavage to 


produce i 
e  Alkynide ions undergo when treated with an alkyl halide (methyl or primary). 
Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 9. The answers appear in the section entitled SkillBuilder Review. 


9.1 Assembling the Systematic Name of an Alkyne 


Provide à systematic name for the following compound: 


Il 1) Identify the parent 
2) Identify and name substituents 


3) Assign locants to each substituent 
4) Alphabetize 


9.2 Selecting a Base for Deprotonating a Terminal Alkyne 


Circle the side of the equilibrium that is favored in the following acid-base reaction. 


9. 
R-CZC-H + :OH = R-C=C: ^ H20 
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9.3 Drawing a Mechanism for Acid-Catalyzed Keto-Enol Tautomerization 


protonation of the 7 bond. intermediate. 


:OH H e 
H-O6 70S 
“\ H 
H -«— ——— 


H 


LM A 


Draw two curved arrows showing Draw the resonance structures of the Draw two curved arrows showing 
deprotonation to form the ketone. 


Oo 


9.4 Choosing the Appropriate Reagents for the Hydration of an Alkyne 


Identify reagents that can achieve each of the following transformations. 


gat CORE. deed 
P or sm 5C — $6 


9.5 Alkylating Terminal Alkynes 


Identify reagents that will achieve the following transformation: 
D — 1) 
2 
Lo} ^ 

H— z——H - X 
TD eG 
(E 


9.6 Using Alkynes in Synthesis 


Identify reagents that will achieve the following transformation: 


+ En 
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Review of Reactions 


Identify the reagents necessary to achieve each of the following transformations. To verify that your 


answers are correct, look in your textbook at the end of Chapter 9. The answers appear in the section 
entitled Review of Reactions. 


X 
jm zm 
o 
X R R \— chs 
x 
E SE R 


X X 
X 
R 
X 
R—==—R 
" J 
* C 
t 
R OH o 
/—\ R R 


Review of Mechanisms 


Complete each of the following mechanisms by drawing the missing curved arrows. To verify that your 
curved arrows are drawn correctly, compare them to the curved arrows in the mechanism boxes for 
Mechanisms 9.1 — 9.3, which can be found throughout Chapter 9 of your text. 


Mechanism 9.1 Dissolving Metal Reductions 


i 1 
H 


N H H N 
P4 " xe) H/H : H/H 
P Na Ru. Na VN 
"d es 


H 
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Mechanism 9.2 Acid-catalyzed Tautomerization 


Common Mistakes to Avoid 

When drawing a mechanism for the acid-catalyzed tautomerization of an enol, the first step is protonation. 
Students sometimes get confused about where to place the proton during this first step. Indeed, there are 
two possible locations where protonation could occur (a lone pair or the n bond): 


lone NA 
pair c= :OH 
—] T 
bond 


Don’t forget that it is the x bond that is protonated during tautomerization of the enol. It is a common 
student error to protonate the OH group, like this: 


If you make this mistake, you might then be tempted to make another critical mistake - formation of a vinyl 
carbocation, which is likely too unstable to form (and does not get us any closer to obtaining the ketone). 


H.@.H WRONG 
O 


e -H20 © 
oy z ON 
unstable 


Whenever possible, avoid the formation of high-energy intermediates that are unlikely to form. This is a 
general rule that should be followed whenever you are drawing a mechanism (exceptions are rare). The 
correct first step for acid-catalyzed tautomerization of an enol is protonation of the x bond to generate a 
resonance-stabilized cation: 


CORRECT 
h 


ya 


rer 


E Gu 
:OH OH 
Ce 


Bor gs 
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There is one other (unrelated) common error that should be avoided. When designing a synthesis in which 
acetylene is alkylated twice, make sure to alkylate each side separately, even if both alkyl groups are the 
same: 


Installation of 
first alkyl group 


Ss 1) NaNH2 
2)RI M 
—— r 
3) NaNH2 


a 4) RI 


Installation of 
second alkyl 


group 


SS 


It is a common student error to show the reagents just one time, assuming that alkylation will occur on both 
sides of acetylene. If the reagents for alkylation are only shown once, then alkylation will only occur once: 


Useful Reagents 


3 


1) NaNHa S 
N 


2) Mel Me 


The following is a list of commonly encountered reagents for reactions of alkynes: 


Reagents Name of Reaction Description of Reaction 
1) excess NaNH2 Ea N When treated with these reagents, a vicinal or geminal 
Elimination i aaa 
2) H2O dibromide is converted to an alkyne. 
When treated with HX, an alkyne undergoes 
HX Hydrohalogenation | Markovnikov addition (excess HX gives two addition 


reactions to afford a geminal dihalide). 


H2SO,., H20, HgSO4 


Acid-cat. hydration 


When treated with these reagents, a terminal alkyne 
undergoes Markovnikov addition of H and OH to give 
an enol, which quickly tautomerizes to give a ketone. 


When treated with these reagents, a terminal alkyne 


1) R3BH Hydroboration- undergoes anti-Markovnikov addition of H and OH to 
2) H202, NaOH oxidation give an enol, which quickly tautomerizes to give an 
aldehyde. 

X Helosenatón When treated with this reagent, an alkyne undergoes 

: 8 addition of X and X (excess X» gives a tetrahalide). 
When treated with these reagents, an alkyne undergoes 
oxidative cleavage of the C=C bond. Internal alkynes 

1) O3 . à rn à ; 

Ozonolysis are converted into two carboxylic acids, while terminal 

2) H20 alkynes are converted into a carboxylic acid and carbon 
dioxide. 

H», Lindlar's : When treated with these reagents, an alkyne is converted 

Hydrogenation ; 

catalyst to a cis alkene. 

Hb, Pt By drorenation When treated with these reagents, an alkyne is converted 
to an alkane. 

Na, NH; (I) Dissolving metal When treated with these reagents, an internal alkyne 1s 


reduction 


converted to a trans alkene. 
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Solutions 

9.1. 

(a) We begin by identifying the parent. The longest 
chain is six carbon atoms, so the parent is hexyne. There 
are no substituents. We must include a locant that 
identifies the position of the triple bond (*3" indicates 
that the triple bond is located between C3 and C4). This 
is determined by numbering the parent, which can be 
done in this case either from left to right or vice versa 
(either way gives the same result). 


oN 
Zee 
Moe 6 
3-Hexyne 


(b) We begin by identifying the parent. The longest 
chain is six carbon atoms, so the parent is hexyne. There 
is one substituent — a methyl group (highlighted). In this 
case, the triple bond is at C3 regardless of which way we 
number the parent, so the parent chain is numbered 
starting from the side that gives the substituent the 
lowest possible number. According to this numbering 
scheme, the methyl group is located at C2: 


2-Methyl-3-hexyne 


(c) We begin by identifying the parent. The longest 
chain is eight carbon atoms, so the parent is octyne. 
There are no substituents. We must include a locant that 
identifies the position of the triple bond. The parent 
chain is numbered so that the triple bond is assigned the 
lowest possible locant (“3” indicates that the triple bond 
is located between C3 and C4). 


2 
om 1 
Ze 
aN, 
7 5 
3-Octyne 


(d) We begin by identifying the parent. The longest 
chain is four carbon atoms, so the parent is butyne. 
There are two substituents — both methyl groups 
(highlighted). We number the parent so that the triple 
bond receives the lowest possible locant (Cl). 
According to this numbering scheme, the methyl groups 
are both located at C3: 


3,3-Dimethyl-1-butyne 


(e) We begin by identifying the parent. The longest 
chain containing the triple bond has nine carbon atoms, 
so the parent is nonyne. There are two substituents 
(highlighted) — a methyl group and a propyl group. We 
number the parent so that the triple bond receives the 
lowest possible locant (Cl). ^ According to this 
numbering scheme, the propyl group is located at C5 and 
the methyl group is located at C7. These substituents are 
arranged alphabetically in the name: 


7-methyl-5-propyl-1-nonyne 


(f) We begin by identifying the parent. The longest 
chain containing the triple bond has ten carbon atoms, so 
the parent is decyne. There are three substituents 
(highlighted) — two methyl groups and an ethyl group. 
We number the parent so that the triple bond receives the 
lowest possible locant (C3). ^ According to this 
numbering scheme, the ethyl group is located at C5 and 
the methyl groups are both located at C7. These 
substituents are arranged alphabetically in the name 
(ethyl before methyl): 


5-ethyl-7,7-dimethyl-3-decyne 


(g) We begin by identifying the parent. The longest 
chain containing the triple bond has ten carbon atoms, so 
the parent is decyne. There are many substituents 
(highlighted). We number the parent so that the triple 
bond receives the lowest possible locant (C2), and the 
substituents are arranged alphabetically in the name 
(chloro, then ethyl, and then methyl): 


10 8 6 4 


Cl (CI 
1,1,1-trichloro-8-ethyl-4,4-dimethyl-2-decyne 


9.2. 

(a) The parent (pentyne) indicates a chain of five carbon 
atoms. The triple bond is between C2 and C3, and there 
are two methyl groups (highlighted), both located at C4. 


4,4-Dimethyl-2-pentyne 


(b) The parent (heptyne) indicates a chain of seven 
carbon atoms. The triple bond is between C3 and C4, 
and there are three substituents (highlighted) — two 
methyl groups (at C2 and C5), as well as an ethyl group 


at C5. 
6 7 
eot 
1 
5-Ethyl-2,5-dimethyl-3-heptyne 
9.3. The parent is cyclononyne, so we draw a nine- 


membered ring that incorporates a triple bond. The triple 
bond is (by definition) between C1 and C2, and a methyl 
group is located at C3. This position (C3) is a chiral 
center, with the R configuration, shown here: 


1 2 


3. 


9.4. The parent chain contains eight carbon atoms with 
two methyl substituents. Numbering so that the triple 
bond receives the lowest possible locant, the two methyl 
groups are located at C3 and C7: 


9.5. 
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1 
Notice that there is a chiral center at C3. The complete 
IUPAC name must include the configuration of this 
chiral center using the Cahn-Ingold-Prelog system. 
Priorities are assigned in the following way: 


Prioritization Scheme 


Notice that the low-priority group is in the front rather 
than the back. So, we rotate the molecule (thereby 
placing the fourth priority on a dash), and we assign the 
configuration (R): 


3 4 4 3 


Lk 
i 


1 2 2 


Ill 
DN 


Putting it all together, the IUPAC name of this alkyne is 
(R)-3,7-dimethyl-1-octyne (using the old IUPAC rules) 
or (R)-3,7-dimethyloct-l-yne (using the new IUPAC 
rules). Both names are acceptable. 


(a) Yes, as seen in Table 9.2, NaNH is a sufficiently strong base to deprotonate a terminal alkyne. 


tBu—C=C—H + NaNH 


Stronger acid 
(pKa ~ 25) 


— r 


tuse? no + NH3 
Weaker acid 
(pKa = 38) 


(b) Yes, as seen in Table 9.2, NaH is a sufficiently strong base to deprotonate a terminal alkyne. 


9 @ 
Peai zc Na 
Se es + NaH — nc + H2 
Stronger acid Weaker acid 
(pKa ~ 25) (pKa = 35) 


(c) No, as seen in Table 9.2, t-BuOK is not a sufficiently strong base to deprotonate a terminal alkyne. 


C=C—H + t-BuOK 


Weaker acid 
(pKa ~ 25) 


)-eme? d +  t-BuOH 


Stronger acid 
(pKa = 18) 
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9.6. 
(a) Lithium acetylide is the lithium salt of the conjugate base of acetylene, which is formed when a suitably strong base 
removes a proton from acetylene: 


o e 
= a / Base Li _ ONG 
H-C=C—H = ——————e-  H-czc: ili + 


Lithium acetylide 


H— Base 


(b) As seen in Table 9.2, hydroxide is not a sufficiently strong base to deprotonate a terminal alkyne. Therefore, LiOH 
cannot be used to prepare lithium acetylide, since the reverse reaction would be favored: 


H—CZC—H + LiOH = u-czc9 LÊ 


+ H5O 


Weaker acid 
(pKa = 25) 


Stronger acid 
(pK, = 15.7) 


However, BuLi is a sufficiently strong base to deprotonate a terminal alkyne and can be used to prepare lithium 
acetylide: 


B 9 e _..9 ,@ 
H-C=C—-H * ^. |i > H—-C=C: Li + YN 
Stronger acid Weaker acid 
(pKa = 25) (pKa = 50) 


LDA is a base with a negative charge on a nitrogen atom, so we expect that it will be similar in base strength to sodium 
amide (NaNH?). Therefore, LDA will be a sufficiently strong base to deprotonate a terminal alkyne and can be used to 
prepare lithium acetylide, as shown below. The pKa value of diisopropyl amine (R2NH, where R = isopropyl) is not 


given in Table 9.2, but we can assume that its pKa is similar in magnitude to the pKa of NH3 (~ 38). 


H—CZC-H 


Stronger acid 
(pKa 7 25) 


9.7. 

(a) The starting material is a geminal dibromide. When 
treated with excess sodium amide (NaNHo) two 
successive E2 reactions occur (each of which requires 
three curved arrows, as shown below). The resulting 
terminal alkyne is then deprotonated to give an alkynide 
ion: 


After the reaction is complete, water is introduced into 
the reaction flask to protonate the alkynide ion, thereby 
giving the neutral terminal alkyne as the final product: 


+ E" Ji — > Hcc u? a AN 
N 
NC H 


Weaker acid 
(pKa = ~38) 


(HIH > = 
=o =H 


(b) The starting material is a vicinal dichloride. When 
treated with excess sodium amide (NaNH2), two 
successive E2 reactions occur (each of which requires 
three curved arrows, as shown below). The resulting 
terminal alkyne is then deprotonated to give an alkynide 


ion: 
H 
A 
"m 


Cl. H 
E 
H H oNH2 
Ner 
HNO 
o 
= a > =y 
Se 
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the reaction flask to protonate the alkynide ion, thereby == 
giving the neutral terminal alkyne as the final product: 


After the reaction is complete, water is introduced into pr 49H 
A= 


9.8. Deprotonation of 2-pentyne generates a resonance-stabilized anion, which is then protonated by NH3 to give an 
allene (a compound featuring a C=C=C unit). The allene is then deprotonated to give a resonance-stabilized anion, 
which is then protonated by NH3 to give l-pentyne. Deprotonation of this terminal alkyne gives an alkynide ion. 
Formation of this alkynide ion pushes the equilibrium to favor this isomerization process. 


H H H ON H H H H 
Polo el NH2 LI A Pe | | © A 
x Rc m I x Eccc cC XM E c 
H H H H H H H H H 
2-Pentyne 
i 
NE 
H^ `H 
EE TTA TERR 
$: i 
Lu c x cm ci su R-A e: c H-G—C—C=C=C> 
H HÊ H H U H H H 
= An allene 
i 
ANZ 
H^ ^H 
H H jh S Ni H H i o Formation of the alkynide ion 
H-C—C—C—C=C—H = H-C-—C-—C-C=Cc: pushes the equilibrium to favor 
Lol gd Ir, ssl isomerization 
H H H H H H 
1-Pentyne An alkynide ion 
9.9. alkyne is reduced all the way to an alkane, as shown 
(a) When hydrogenation is performed in the presence of here: 
a poisoned catalyst (such as Lindlar’s catalyst), the 
alkyne is reduced to a cis alkene. When Pt is used as the = 
catalyst, the alkyne is reduced all the way to an alkane, Hə 
as shown here: ONB 
ioB 


H2 —— > va 


> 
Lindlar's Hs 
catalyst ie ET ue 
= Ni 


E PP pu 9.10. 


Pt (a) When treated with sodium metal in liquid ammonia, 
the alkyne is converted to a trans alkene: 


(b) When hydrogenation is performed in the presence of 


a poisoned catalyst (such as Ni2B), the alkyne is reduced mrw AZA 
to a cis alkene. When nickel is used as the catalyst, the 
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(b) When treated with sodium metal in liquid ammonia, 
the alkyne is converted to a trans alkene: 


pd 


(c) When treated with sodium metal in liquid ammonia, 
the alkyne is converted to a trans alkene: 


(d) When treated with sodium metal in liquid ammonia, 
the alkyne is converted to a trans alkene: 


ZA 


9.11. 

(a) When the alkyne is treated with molecular hydrogen 
(H2) in the presence of a poisoned catalyst (such as 
Lindlar's catalyst), the alkyne is reduced to a cis alkene. 
If instead, the alkyne is treated with sodium metal in 
liquid ammonia, a dissolving metal reduction occurs, 
giving a trans alkene, as shown: 


H5 sa 
/ Lindlar's 
| | catalyst 


Na NW 
NHs (I) 


(b) When the alkyne is treated with sodium metal in 
liquid ammonia, a dissolving metal reduction occurs, 
giving a trans alkene. If instead, the alkyne is treated 
with molecular hydrogen (H2) in the presence of a 
catalyst such as platinum (NOT a poisoned catalyst), the 
alkyne is reduced to an alkane, as shown: 


Na 


Tho 0 NN 


9.12. The product is a disubstituted alkene, so the 
starting alkyne must be an internal alkyne (rather than a 
terminal alkyne): 


Na 


R,—=—R, ————— 
NH; (/) 


R 
aah SF 2 


Internal alkyne Disubstituted alkene 


The molecular formula of the alkyne indicates five 
carbon atoms. Two of those atoms are the sp-hybridized 
carbon atoms of the triple bond. The remaining three 
carbon atoms must be in the R groups. So, one R group 
must be a methyl group, and the other R group must be 
an ethyl group: 


PE ane 


9.13. 

(a) The starting alkyne is terminal, and when treated 
with excess HCl, two successive addition reactions 
occur, producing a geminal dihalide. Markovnikov 
addition is observed (two chlorine atoms are installed at 
the more substituted, secondary position, rather than the 
less substituted, primary position): 


xs 
Cl CL CI 
Cl 4 aca 


(b) The starting material is a geminal dichloride, and 
treatment with excess sodium amide (followed by 
protonation of the resulting alkynide ion with water) 


gives a terminal alkyne. 
CAL Ur A 
CI SS 


(c) The starting alkyne is terminal, and when treated 
with excess HBr, two successive addition reactions 
occur, producing a geminal dibromide. Markovnikov 
addition is observed (the two bromine atoms are installed 
at the more substituted, secondary position, rather than 


the less substituted, primary position): 


1) xs NaNH; / NH3 
—————- 
2) H20 


XS 
PM uem 


(d) The starting material is a geminal dibromide, and 
treatment with excess sodium amide (followed by 
protonation of the resulting alkynide ion with water) 
gives a terminal alkyne. 


Br, Br 
p 


on 


(e) The starting material is a geminal dichloride, and 
treatment with excess sodium amide (followed by 
protonation of the resulting alkynide ion with water) 
gives a terminal alkyne. When this alkyne is treated with 
HBr, in the presence of peroxides, an anti-Markovnikov 
addition occurs, in which Br is installed at the less 
substituted position. This gives rise to two 
stereoisomers, as shown: 


N 


1) xs NaNH; / NH3 
——————— 
2} H2O 
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cl. Cl L between these compounds is the placement of the 
Z chlorine atoms. We did not learn a single reaction that 

1) xs NaNH; / NH3 will change the locations of the chlorine atoms. But the 
2) H20 desired transformation can be achieved via an alkyne. 
Specifically, the starting material is treated with excess 


sodium amide (followed by protonation of the resulting 
HBr, alkynide ion with water) to give the terminal alkyne, 


SN Nv Br ROOR which is then treated with excess HCI to give the desired 
+ compound (via Markovnikov addition): 
Br 


Cl — 1)xs NaNHz/ NH3 
(f) The starting material is a geminal dichloride, and set 2) H20 


treatment with excess sodium amide (followed by cl 
protonation of the resulting alkynide ion with water) 
gives a terminal alkyne. When this alkyne is treated with 


excess HBr, two addition reactions occur, installing two cl CI SOT Z 
bromine atoms at the more substituted position Pu -————— N” 
(Markovnikov addition), as shown: 
Cl cl 9.15. If two products are obtained, then the alkyne must 
a be internal and unsymmetrical. There is only one such 
1) xs NaNH; / NH3 alkyne with the molecular formula CsHs (shown below). 
2) H20 e The products are also shown: 
TERN xs HBr 
Br Br excess / EE 
HBr 
Br Br 


9.14. The starting material is a geminal dichloride, and 
the product is also a geminal dichloride. The difference 


9.16. 

(a) Under acid-catalyzed conditions, the enol is first protonated (which requires two curved arrows) to generate a 
resonance-stabilized cation. Notice that the x bond of the enol is protonated in this step (rather than protonating the 
OH group). The resulting resonance-stabilized cation is then deprotonated by water, which also requires two curved 


arrows, as shown: 
4 —oe6 m D m es 
WE x eut ates acl 
SS 8 


Hog 


cule 


(b) Under acid-catalyzed conditions, the enol is first protonated (which requires two curved arrows) to generate a 
resonance-stabilized cation. Notice that the x bond of the enol is protonated in this step (rather than protonating the 
OH group). The resulting resonance-stabilized cation is then deprotonated by water, which also requires two curved 
arrows, as shown: 
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(c) Under acid-catalyzed conditions, the enol is first protonated (which requires two curved arrows) to generate a 
resonance-stabilized cation. Notice that the x bond of the enol is protonated in this step (rather than protonating the 
OH group). The resulting resonance-stabilized cation is then deprotonated by water, which also requires two curved 
arrows, as shown: 


H 


n» 


H-O6 E 
H 
ee ME 
2e other 


resonance 
structures 


(d) Under acid-catalyzed conditions, the enol is first protonated (which requires two curved arrows) to generate a 
resonance-stabilized cation. Notice that the x bond of the enol is protonated in this step (rather than protonating the 
OH group). The resulting resonance-stabilized cation is then deprotonated by water, which also requires two curved 
arrows, as shown: 


ZH bU 44H a 


ee ce Y es d 
H H^'^H 


9.17. In the tricarbonyl form of Warfarin (having three C=O bonds), any enol groups are converted into C=O bonds. 
Let’s begin by considering the structure of the first tautomer shown in the problem statement. This compound contains 
one enol group. If this enol group is converted into a ketone, the resulting tautomer would have three carbonyl groups. 
This tautomerization process involves the change in location of a proton (highlighted): 


LH 
oO Ph O i9] : Ph © 
ccc Co 
oO O oO O 


Similarly, the same tricarbonyl tautomer is obtained if the enol group in the second tautomer (shown in the problem 
statement) is converted into a C=O bond. Once again, the tautomerization process involves the change in location of a 


proton (highlighted): 
[9] Ph © 
pones 
(0) [9] 


Under acidic conditions, the tautomerization of either enol tautomer (to give the tricarbonyl form) occurs via the 
following steps. First, the C=C n bond is protonated (not the OH group) to give a resonance-stabilized carbocation 
intermediate. After drawing the resonance structures of the intermediate, deprotonation gives the tricarbonyl tautomer: 


i9] Ph O 


H 
OH/ Ph O / 
Ho 
Su H 
o^ So 
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-«——» 


[9) [9] 


Starting with the other tautomer, we follow the same steps again. First, the xt bond is protonated to give a resonance- 
stabilized carbocation intermediate. After drawing the resonance structures of the intermediate, deprotonation gives the 


tricarbonyl tautomer: 


9.18. 

(a) When treated with aqueous acid (in the presence of 
mercuric sulfate), the terminal alkyne undergoes 
Markovnikov addition of H and OH across the triple 
bond, giving an enol. The enol is not isolated, because 
upon its formation, it undergoes tautomerization to give 
a methyl ketone: 


See A 


H5S04, H20 
HgSO4 


in Pa 
Sew 


(not isolated) 


Cee NNNM 


O Ph O 
6 
H 
Pd 
O^ "05 
47 
O Ph O 
o^ No 


(b) When treated with aqueous acid (in the presence of 
mercuric sulfate) the terminal alkyne undergoes 
Markovnikov addition of H and OH across the triple 
bond, giving an enol. The enol is not isolated, because 
upon its formation, it undergoes tautomerization to give 
a methyl ketone: 


H5SO4 OH 


[9) 

ES DS EX 
p HgSO, 

(not isolated) 


(c) When treated with aqueous acid (in the presence of 
mercuric sulfate), an alkyne undergoes addition of H and 
OH across the triple bond. In this case, the starting 
alkyne is not terminal — it is an internal alkyne. As such, 
there are two possible regiochemical outcomes, giving 
rise to two possible enols. Neither of these enols is 
isolated, because upon their formation, they each 
undergo tautomerization to give a ketone, as shown here: 


330 


CHAPTER 9 


(d) When treated with aqueous acid (in the presence of 
mercuric sulfate), an alkyne undergoes addition of H and 
OH across the triple bond. In this case, the starting 
alkyne is not terminal — it is an internal alkyne, so we 
might expect two regiochemical outcomes. But look 
closely at the structure of the alkyne in this case. It is 
symmetrical (the triple bond is connected to two 
identical alkyl groups), and as such, there is only one 
possible enol that can be formed. This enol is not 
isolated, because upon its formation, it undergoes 
tautomerization to give a ketone: 


(not isolated) 


AKA 1 


9.19. 
(a) The desired product is a methyl ketone, which can be 
prepared from the corresponding terminal alkyne, shown 


here: 
ae d 


The following alkyne cannot be used because it would 
give a mixture of isomers: 


Oo 


(b) The desired product is not a methyl ketone, but it 
can be made directly from the following internal alkyne. 
This alkyne is symmetrical, so only one regiochemical 
outcome is possible: 


BA 


The following alkyne would NOT be a suitable starting 
material, because hydration of this alkyne would produce 
a mixture of two ketones: 


(not isolated) 


(not isolated) 


© 
FOE $ p 
© 

(c) The desired product is a methyl ketone, which can be 
prepared from the corresponding terminal alkyne, shown 
here: 

9.20. 

(a) The reagents (9-BBN, followed by H202 and NaOH) 
indicate hydroboration-oxidation of the terminal alkyne, 
giving an anti-Markovnikov addition of H and OH 
across the alkyne. The resulting enol is not isolated, 


because upon its formation, it undergoes tautomerization 
to give an aldehyde: 


Z 1) 9-BBN 
C 2) H20; , NaOH 
na gine 


(not isolated) 
H 


(0) 


(b) The reagents (disiamylborane, followed by H202 and 
NaOH) indicate hydroboration-oxidation of the terminal 
alkyne, giving an anti-Markovnikov addition of H and 
OH across the alkyne. The resulting enol is not isolated, 
because upon its formation, it undergoes tautomerization 
to give an aldehyde: 


Sus 1) Disiamylborane 
E cdi ee 


HO 
bd 2) H202 , NaOH p d 


(not isolated) 
a quem 
O 


(c) The reagents (R2BH, followed by H20» and NaOH) 
indicate hydroboration-oxidation of the terminal alkyne, 
giving addition of H and OH. Since the alkyne is 
symmetrical, regiochemistry is not relevant in this case. 
The resulting enol is not isolated, because upon its 
formation, it undergoes tautomerization to give a ketone: 


de 


1) R;BH 
2) H20; , NaOH 


HO 
(not isolated) 


__ 


9.21. 
(a) The desired product is an aldehyde, which can be 
prepared from the corresponding terminal alkyne, shown 


here: 
I 


(b) The desired product is not an aldehyde, but it can be 
made directly from the following internal alkyne. This 
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alkyne is symmetrical, 
outcome is possible: 


so only one regiochemical 


Z 
di 


The following alkyne would NOT be a suitable starting 
material, because hydration of this alkyne would produce 
a mixture of two ketones: 


1) R2BH 
2) H20% , NaOH 


(not isolated) (not isolated) 


| | 
p t P 


(c) The desired product is an aldehyde, which can be 
prepared from the corresponding terminal alkyne, shown 


here: 
9.22. 


(a) The starting material is a terminal alkyne and the 
product is a methyl ketone. This transformation requires 
a Markovnikov addition, which can be achieved via an 
acid-catalyzed hydration in the presence of mercuric 


sulfate. 


(b) The starting material is a terminal alkyne and the 
product is an aldehyde. This transformation requires an 
anti-Markovnikov addition, which can be achieved via 
hydroboration-oxidation. 


LL 
^ HgSO. — 


1) RBH 
p (9-BBN or disiamylborane) 
ZK 2) H202 , NaOH i 


Ó 


a 
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9.23. Compounds 1 and 3 have the same carbon skeleton. 
Only the identity and location of the functional groups 
have been changed. In compound 1, the following two 
highlighted positions are functionalized (each is attached 
to Br): 


Br 
OH 
1 


So it is reasonable to propose an alkyne in which the 
triple bond is between these two carbon atoms: 


A 


OH 


Indeed, we have learned a way to convert this alkyne 
into the desired methyl ketone (compound 3), via acid- 
catalyzed hydration (Markovnikov addition): 


HgS04,, H2504 
[9] H20 [9] [9] 


A 


OH OH 


To complete the synthesis, we must propose reagents for 
the conversion of 1 to 2. As seen earlier in the chapter, 
this transformation can be achieved via two successive 
E2 reactions, requiring a strong base such as NaNH». 
For this type of process, excess base is generally 
required. As shown below, the initial product of this 
general process is an alkynide ion, which is protonated 
upon treatment with a mild acid to give a terminal 
alkyne: 


XS 
Br © re H 
NaNH H 
Br AÀ a S T S 
R NR » 


In this case, the strongly basic conditions will also 
deprotonate the carboxylic acid to give a carboxylate 
group. This carboxylate group is protonated (together 
with the alkynide ion) upon treatment with a mild acid: 


NaNH; 


As 
M 


Br [9] 


; 


In summary, the following reagents can be used to 
convert 1 into 3: 


1) xs NaNH» 

2) H30* 

3) H20, [e] [e] 
H5SO4, 

OH HgSO, OH 


1) xs NaNH» H2O 
2) H30* H2$04 
HgSO4 
9.24. 


(a) The reagents (Os, followed by HO) indicate 
ozonolysis. The starting material is an unsymmetrical, 
internal alkyne, so cleavage of the C=C bond results in 
the formation of two carboxylic acids: 


Br [9] 
Br 


(b) The reagents (O3, followed by H20) indicate 
ozonolysis. The starting material is a terminal alkyne, so 
cleavage of the C=C bond results in the formation of a 
carboxylic acid and carbon dioxide (CO2): 


O Oo 
4 7 aet ae Ss 


(c) The reagents (Os, followed by HO) indicate 
ozonolysis. The starting material is an unsymmetrical, 
internal alkyne, so cleavage of the C=C bond results in 
the formation of two carboxylic acids: 


(d) The reagents (Os, followed by HO) indicate 
ozonolysis. The starting material is a cycloalkyne, so 
cleavage of the C=C bond results in the formation of an 
acyclic compound with two carboxylic acid groups: 


1} O3 
— y 
=; 2) H20 
HO OH 


9.25. If ozonolysis produces only one product, then the 
starting alkyne must be symmetrical. There is only one 
symmetrical alkyne with the molecular formula C6H10: 


(0) 


1}03 m 
—— 2 
2) H20 OH 


9.26. If ozonolysis produces a carboxylic acid and 
carbon dioxide, then the starting alkyne must be 


SN 


terminal. There is only one terminal alkyne with the 
molecular formula C4H6: 
i9) 
Pa 1) Os oe + e 
Su 2) H2O n 
C4H6 9 


When this alkyne is treated with aqueous acid in the 
presence of mercuric sulfate, the alkyne is expected to 
undergo a Markovnikov addition of H and OH, 
generating an enol. This enol is not isolated, because 
upon its formation, it undergoes tautomerization to give 
a methyl ketone: 


H20 
aN H2504 > ang gd di d 
SS ^ HgSO, 
OH [9] 
(not isolated) 
9.27. 


(a) We begin by drawing the starting material (acetylene) 
and the product (1-hexyne): 


? 


Acetylene 1-Hexyne 


The desired transformation involves a single alkylation 
process, and a logical retrosynthesis reveals that a four- 
carbon alkyl halide is needed: 


Br 
o 
IST — A + Su 


Electrophile Nucleophile 
Now let's draw the forward process. The alkylation is 
achieved by treating acetylene with sodium amide, 
followed by 1-bromobutane, as shown here: 
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1) NaNH; 
SS LEE. Re p E 
D) ~” Apr Su 


(b) We begin by drawing the starting material 
(acetylene) and the product (2-hexyne): 


? 
H—==—H ——- hoa 
Acetylene 2-Hexyne `x 


The transformation of acetylene to an internal alkyne 
involves two, successive alkylation processes. We can do 
a retrosynthesis to determine which alkyl halides are 
needed. The two groups can be installed in either order, 
and therefore can be disconnected in either order: 


WN 
RAAN Su na 
Sus AA Xo I Gh 
Nucleophile Electrophile 
Br 
a+ K 
RS — T ANS 
Electrophile Nucleophile 


Now let’s draw the forward process. We must install a 
methyl group and a propyl group. The propyl group is 
installed by treating acetylene with sodium amide, 
followed by 1-bromopropane. And the methyl group is 
installed in a similar way (upon treatment with sodium 
amide, followed by methyl iodide). The following shows 
installation of the propyl group followed by installation 
of the methyl group: 


1) NaNH; 

WN 2) B R BS 

7$ 3) NaNH; EN 
4) Mel 


(c) We begin by drawing the starting material (acetylene) 
and the product (2,7-dimethyl-4-octyne): 


Pid 
we] 
7 
6 | 8 


2,7-Dimethyl-4-octyne 


1 
? 
H—————H —— 


Acetylene 


The transformation of acetylene to an internal alkyne 
involves two, successive alkylation processes. We can do 
a retrosynthesis to determine which alkyl halides are 
needed: 
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Electrophile 


Nucleophile 


6+ 
TIN —— Ps 


Electrophile Nucleophile 


Now let's draw the forward process. Two isobutyl 
groups must be installed, and each alkylation process 
must be performed separately. Each alkylation is 
achieved by treating the alkyne with sodium amide, 
followed by isobutyl bromide: 


1) NaNH> 


"pte 


3) NaNH; 


Ld d 


(d) We begin by drawing the starting material 
(acetylene) and the product (5-ethyl-1-heptyne): 


M 


YSL 


H—==—H —— 
Acetylene 


5-Ethyl-1-heptyne 


The desired transformation involves a single alkylation 
process, and we can do a retrosynthesis to determine 
which alkyl halide is needed: 


was 
ne 


Nucleophile ^ Electrophile 
Now let's draw the forward process. The alkylation is 
achieved by treating acetylene with sodium amide, 
followed by the alkyl bromide shown: 

SN 1) NaNH; 


BS 
2) a lom 
Br 
(e) The desired transformation involves two, successive 
alkylation processes. Each alkylation is achieved by 


treating the alkyne with sodium amide, followed by 
benzyl iodide. Note that each alkylation process must be 


performed separately. 
a 


1) NaNH» 
2) ees 
3) NaNH; 


' 


a 


9.28. The carbon atoms present in compounds 1 and 2 completely account for the carbon skeleton of compound 3, if 


we can connect the two highlighted carbon atoms: 


Connect these 
two carbon atoms 


OR 


SS 


terminal alkyne 


— > 


OR 


internal alkyne 


This process involves the conversion of a terminal alkyne (compound 2) into an internal alkyne (compound 3), which 
can be accomplished via an Sn2 process. In order to perform the desired Sn2 reaction, the starting materials must first 
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be modified. The terminal alkyne (compound 2) must be deprotonated with a strong base to convert it into a good 
nucleophile (using, for example, NaNH2 to produce an alkynide ion): 


OR 


H 
wr 


OR 


NaNH» ENDE 


An alkynide ion 


Also, the alcohol (compound 1) must be converted into a substrate that contains a good leaving group, because 
hydroxide is not a good leaving group. For example, the alcohol can be treated with TsCl and pyridine to give a 


tosylate (see Section 7.10): 
Bad 
OR OH leaving 
= group 


Good 
OR OTs leaving 
= group 


Treating this tosylate with the alkynide ion will result in an Sn2 reaction, giving compound 3: 


9.29. 

(a) The desired transformation must lengthen the carbon 
chain by one carbon atom, and we need to make a trans 
alkene. To begin the retrosynthesis we ask, “What 
starting material is needed to make a trans alkene?" The 
trans alkene can be prepared by partial reduction of the 
corresponding alkyne, and the alkyne intermediate is 


suitable for making the required C-C bond 
disconnection: 


U 


-€ iS) 
I eJ 3 t Nep 


Electrophile Nucleophile 
Now let's draw the forward process. The first part of the 
synthesis (alkylation of the alkyne) can be accomplished 
by treating the starting alkyne with NaNH followed by 
methyl iodide. Next, the alkyne is treated with sodium 
metal in liquid ammonia to give the trans alkene 
(dissolving metal reduction). 


OR ZOT 9 eR 
A AN 


wO 
Es 


OR 


cowl 


1) NaNH; 


Sus 2) Mel 
T — 3)Na, NHs () m d 


Na, 
4)NaNHp NS NHs (f) 
2) Mel SS 


(b) The desired transformation must lengthen the carbon 
chain by one carbon atom, and we need to make a triple 
bond. The alkyne target molecule is suitable for making 
the required C-C bond disconnection, so that is how the 
retrosynthesis begins: 


© 


SS [CHa + Ne 


Electrophile ^) Nucleophile 
The required alkyne intermediate (1-propyne) can be 
prepared from a dibromide that leads back to the given 
starting material (1-propene): 


Br 
EN => P => ÆN 
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Now let’s draw the forward process. The synthesis 
begins by converting the starting alkene into an alkyne 
upon treatment with Br», giving a dibromide, followed 
by treatment with excess sodium amide (and then water 
to protonate the resulting alkynide ion). At this point, the 
alkylation step can be accomplished via treatment with 
NaNHo followed by methyl iodide: 


1) Bra 
2) xs NaNH; 
3) H20 Tay 
ZAN I NaNH,; T 
5) Mel 
| Br? 1) NaNH> 
2) Mel 
Br 
1) xs NaNH> Su. 
Br A 2) HO T 
(racemic) 


Note: The alkyne produced after step 3 does not need to 
be isolated and purified, and therefore, steps 3 and 4 can 
be omitted. That is, the synthesis can be presented like 
this: 


1) Bro 
2) xs NaNH; NS 
AN ~ 3)Mel Sk, 
|: / Mel 


(racemic) 


(c) The desired transformation is a functional group 
interconversion (there is no change to the carbon 
skeleton). To begin the retrosynthesis we ask, “What 
starting material is needed to make an alcohol?" 
Selecting an alkene is a logical choice, because the 
alkene, in turn, can be prepared from the given alkyne 
starting material: 


OH 


Now let's draw the forward process. The synthesis 
begins by first reducing the alkyne with hydrogen gas in 
the presence of a poisoned catalyst, giving an alkene. 
This alkene can then be treated with dilute aqueous acid 
to give Markovnikov addition of H and OH, resulting in 
the desired product: 


OH 
Su 1) Hz, Lindlar's catalyst z ru 
7  2)dilute H9S04 


Hp, dilute H2504 
ZN 


Lindlar's cat. 


(d) Much as we saw in the solution to the previous 
problem, the alcohol target molecule can be prepared 
from an alkene, which can be prepared from the starting 
alkyne: 


WS 
Dee d a ZO => ER. D 
Now lets draw the forward process. The desired 
product can be made by first reducing the alkyne with 
hydrogen gas in the presence of a poisoned catalyst (to 
give an alkene), followed by addition of H and OH 
across the alkene. In this case, we need an anti- 
Markovnikov addition, so we employ a hydroboration- 
oxidation procedure: 


1) H2, 
Lindlar's catalyst 
Sus EUIS d NN 
TC 2) BH + THF il 
3) H205, NaOH 
Ha, 1) BHa*THF 
indarseat 2 2) H505, NaOH 


(e) The desired transformation is a functional group 
interconversion (there is no change to the carbon 
skeleton). To begin the retrosynthesis we ask, “What 
starting material is needed to make an aldehyde?" Recall 
that aldehydes can be prepared by hydration of an 


alkyne: 
H 
qo eem SE 
(0) 


The required alkyne intermediate (l-butyne) can be 
prepared from a dibromide that leads back to the given 
starting material (1-butene): 


Br 
SS 
EU => a A — ZO 


Now let’s draw the forward process. The transformation 
begins by brominating the alkene to give a dibromide, 
followed by elimination with excess sodium amide (and 
then water to protonate the resulting alkynide ion) to 
give an alkyne. Hydroboration-oxidation of this alkyne 
affords the aldehyde target molecule: 


1) Bro 
2) xs NaNH; H 
ZA 3) H20 aea 
4) R2BH fe] 
[ez 5) H202, NaOH 
1) R;BH 
2) H202, 
Br NaOH 
_t)xsNaNHe 3 
2) HO Bd 


Br (racemic) 


(f) When we compare the starting and final compounds, 
we observe two differences: the triple bond is gone, and 
the carbon chain in the product is longer by two carbon 
atoms. The retrosynthetic analysis of the target molecule 
asks, “What starting material is required to make an 
alkane?” One reaction we’ve seen that generates a 


product with no functional groups is catalytic 
hydrogenation of an alkyne. 
aN 
NON > S 


The alkyne intermediate is suitable for making the 
required C-C bond disconnection, so that is how the 
retrosynthesis continues: 


bic =y SA 
ES Ag iN 


Electrophile | Nucleophile 
Now let's draw the forward process. The first part of the 
synthesis (alkylation of the alkyne) can be accomplished 
by treating the starting alkyne with NaNHo2 followed by 
ethyl bromide. Finally, catalytic hydrogenation of the 
alkyne produces the desired alkane target molecule: 


Sus 1) NaNH» 


2) EtBr bau d 
3) H5, Pt 
a 
1) NaNH3 ANS 
2) EtBr Sus 


(g) When we compare the starting alkyne and the target 
compound, we observe three differences: the triple bond 
is gone, there is a carboxylic acid functional group, and 
the carbon chain in the product is shorter by one carbon 
atom. All these changes can be accomplished by an 
ozonolysis process (numbering the carbon atoms is a 
helpful way to keep track of the original carbon 
skeleton): 


O 
Su. 1) 04 
EDI 2) HO hon 


2 


(h) The desired transformation must lengthen the carbon 
chain by two carbon atoms, and there are two Br atoms 
in the product (with a specific stereochemical 
relationship). To begin the retrosynthesis we ask, “What 
starting material is needed to make a dibromide with the 
required stereochemistry?” The Br atoms in the target 
molecule can be produced from the trans alkene shown 
trans-3-hexene), and the alkene can be prepared from the 
corresponding alkyne: 
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The alkyne intermediate is suitable for making the 
required C-C bond disconnection, so that is how the 
retrosynthesis continues: 


" ZOOM 
ge E B . c 4 
I 


~x 


Nucleophil 
Electrophile TITAN 


Now let's draw the forward process. The first part of the 
synthesis (alkylation of the alkyne) can be accomplished 
by treating the starting alkyne with NaNHo followed by 
ethyl iodide. After the alkylation, the resulting, 
symmetrical alkyne can be reduced to an alkene, 
followed by  bromination. Since the last step 
(bromination) proceeds via an anti addition, the desired 
stereoisomer can only be obtained if the previous step 
(reduction of the alkyne) is performed to produce the 
trans alkene. That is, we must use a dissolving metal 
reduction, rather than hydrogenation with a poisoned 
catalyst. 


1) NaNH» a 
SN 2) Etl 
Sa 3) Na, NH3 (1) 2 
4) Br; Bl 
1) NaNH» 
2) Etl Bra 
~ 2 Na, NH3 (/) pM 
d 


Notice that the product is a meso compound, which can 
be seen more clearly if we rotate about the central C-C 
bond, like this: 


SM Br. Br 
Ee 


(meso) ff 


Internal plane 
of symmetry 


9.30. The starting material has two carbon atoms, and 
the desired product has six carbon atoms: 


Oo 
Se. dee pie 


Two carbon atoms Six carbon atoms 


So, we must form new C-C bonds. This can be achieved 
with acetylene and two equivalents of ethyl bromide: 
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Acetylene can be made from ethylene via the following 


“~~ Br Su Bir two step process: 
i tyl i 
Ethyl bromide Acetylene Ethyl bromide Br Br 1)xs NaNH; 
, ESN y Br ——————- SS 
And the resulting alkyne can be converted into the 2) H20 


product in just one step: 
In summary, the following synthetic route converts 


H20 (0) ethylene into 3-hexanone: 
N~ H2504 p 
Su ——- € 
NZ HgSO4 x fe) 
So, our goal is to convert ethylene into both acetylene | Bro Ay 
and ethyl bromide: 
Br” ON N~ Br 
ethyl bromide Br H20 
M H2504 
1) xs NaNH2 HgSO4 
L MM 2) H20 
SS 2 
> 1) NaNH> 
acetylene 
SS 2) Ser [N WN 
ooo 
The synthesis of ethyl bromide can be achieved in just N 3) NaNH SY 
one step, by treating ethylene with HBr: 
p, by g ethy a) Ss 


Q ABr Bra ON 


9.31. In this overall transformation, we need to add two hydrogen atoms (as the deuterium isotope, 7H) and two 
hydroxyl groups to the two x bonds of the alkyne. We have also been told that an alkene is made, and then used, in 
each synthesis. It is reasonable, therefore, to begin by reducing the triple bond to a double bond (using deuterium 
instead of protium). Use of a dissolving metal reduction will generate a trans alkene, while hydrogenation with a 
poisoned catalyst will generate a cis alkene. 


D 
Na 
NS 
ND; (/) een S^ saa 
<N D 
p COOH 
— ee i D D D 
: SAL D600 
Lindlar's 
catalyst 


Dihydroxylation of these alkenes will provide diols; however, care must be taken to produce the desired stereochemical 
outcome. An anti addition of two OH groups to the trans alkene will produce the desired product (as a mixture of 
enantiomers). Anti-dihydroxylation can be accomplished upon treatment with a peroxyacid, to generate an epoxide 
intermediate, followed by aqueous acid to generate the diol. 


D D, OH 
Sus -D BOO AAAS 
D HO D 


correct relative stereochemistry 
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However, the same reagents will not provide the proper stereochemical outcome when used with the cis alkene. This is 
more apparent after rotating the newly formed single bond in the product. 


HO OH 
D D 1) RCOH DA 5D D, pH 
Anan D008 MÀ» JZ" COOH = 
2) H30 < ~COOH 
+ En + En HOD 


incorrect relative stereochemistry 


Alternatively, a syn addition of two OH groups to the cis alkene DOES provide the appropriate stereochemical outcome 
(again a single bond rotation in the product makes this easier to see). Syn-dihydroxylation can be accomplished using 
NMO and catalytic OsOs. 


D D catalytic HO OH D OH 


Q 
Ó 
[e) 
I 
Q 
EN 
o 
Q 
[e 
[e) 
Ex 
l 
m 


` COOH 
+ En + En HO D 


correct relative stereochemistry 
In summary, there are two ways to accomplish this overall transformation with the appropriate stereochemical 


outcome. One reduces the alkyne to the trans alkene, followed by an anti dihydroxylation. The other reduces the alkyne 
to the cis alkene, followed by a syn dihydroxylation. 


D 
Na 1) RCO3H 
/ ND; (I) SAAS cos 2)HO* N 
D 
PB Nep ces 
Bd 


2 HO D ge 
1 Ill 
catalytic 
= ee eae. 0:0, Cees 
o — — 3k" COOH 

Lindlar's NMO 

catalyst 4 En 
9.32. 
(a) We begin by identifying the parent. The longest D 
chain is six carbon atoms, so the parent is hexyne. There 5 ze 
are three substituents — all methyl groups (highlighted). $ x 
Numbering the parent chain from either direction will c cl 
place the triple bond at C3 (between C3 and C4), so we 
number in the direction that gives the lower number to 4,4-Dichloro-2-hexyne 


the second substituent (2,2,5 rather than 2,5,5): 
(c) We begin by identifying the parent. The chain is six 
carbon atoms, so the parent is hexyne. There are no 


»« substituents. We must include a locant that identifies the 
2 1 osition of the triple bond. The parent chain i 
4 p p p s 
8 5 pP numbered so that the triple bond is assigned the lowest 

yY possible locant (“1” indicates that the triple bond is 

located between C1 and C2). 
2,2,5-Trimethyl-3-hexyne 
P 

(b) We begin by identifying the parent. The chain is six $ z 4 : 2 
carbon atoms, so the parent is hexyne. There are two 1-Hexyne 


substituents — both chloro groups. The parent chain is 
numbered to give the triple bond the lower number, C2 
(because it is between C2 and C3). According to this 
numbering scheme, the chlorine atoms are both at C4: 


(d) We begin by identifying the parent. The longest 
chain is four carbon atoms, so the parent is butyne. 
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There are two substituents (highlighted) — a methyl 
group and a bromo group. The parent chain is numbered 
so that the triple bond is assigned the lowest possible 
locant (“1” indicates that the triple bond is located 
between Cl and C2). According to this numbering 
scheme, both substituents are located at C3. They are 
alphabetized in the name, so “bromo” precedes 


“methyl.” 
X 
Br 


z 


1 
3-Bromo-3-methyl-1-butyne 


(e) We begin by identifying the parent. The longest 
chain containing the triple bond has ten carbon atoms, so 
the parent is decyne. There are two substituents 
(highlighted) — a methyl group and a sec-butyl group. 
We number the parent so that the triple bond receives the 
lowest possible locant (C3). ^ According to this 
numbering scheme, the sec-butyl group is located at C5 
and the methyl group is located at C2. These 
substituents are arranged alphabetically in the name 
(butyl before methyl). If we use the systematic name for 
the sec-butyl group, (1-methylpropyl), then the methyl 
group comes first alphabetically: 


or 
2-methyl-5-(1-methylpropyl)-3-decyne 


(f) We begin by identifying the parent. The longest 
chain containing the triple bond has ten carbon atoms, so 
the parent is decyne. There are three substituents 
(highlighted) — two methyl groups and an isobutyl group. 
We number the parent so that the triple bond receives the 
lowest possible locant (C4). ^ According to this 
numbering scheme, the isobutyl group is located at C6 
and the two methyl groups are located at C2. These 
substituents are arranged alphabetically in the name 
(isobutyl before methyl). If we use the systematic name 
for the isobutyl group, (2-methylpropyl), then the methyl 
group comes first alphabetically: 


4 2 


6-isobutyl-2,2-dimethyl-4-decyne 
or 
2,2-dimethyl-6-(2-methylpropyl)-4-decyne 


9.33. 

(a) The parent (heptyne) indicates a chain of seven 
carbon atoms. The triple bond is between C2 and C3, 
and there are no substituents. 


P d 
2 
cold 

2- 


(b) The parent (octyne) indicates a chain of eight carbon 
atoms, with the triple bond located between C4 and C5. 
There are two methyl groups (highlighted), both located 


at C2. 
». 22 
2 4 4 


2,2-Dimethyl-4-octyne 
(c) The parent (cyclodecyne) indicates a ring of ten 
carbon atoms. The numbering system is assigned such 
that the triple bond is between C1 and C2. There are two 
substituents (ethyl groups), each of which is located at 
C3: 


3,3-Diethylcyclodecyne 


9.34. The starting material has both a double bond and a 
triple bond. When hydrogenation is performed in the 
presence of a poisoned catalyst (such as Lindlar's 
catalyst), only the triple bond is reduced (via syn addition 
to give a cis alkene). However, when Pt is used as the 
catalyst, both the double bond and the triple bond are 
reduced, giving an alkane: 


7. ; =) 
Lindlar's = / 
em cat. 
ite. 
Pt 
9.35. 


(a) The starting carbanion (C`) is a strong base, and 
acetylene has an acidic proton. The resulting proton 
transfer step gives an acetylide ion and butane. When 
we compare the acids (highlighted below), we find a 
massive difference in pKa values (See Table 9.2). The 
difference between acetylene (pKa = 25) and butane (pKa 
= 50) is 25 units, which represents a difference of 25 
orders of magnitude. That is, acetylene is 10*> times 


more acidic than butane. With such a large difference in 
pKa values, the reaction is considered to be irreversible. 


stronger 


acid (pK, = 25) 
Q 
" P d 
+ H + 
CO 
weaker (pK, = 50) 
acid ‘Pa 


(b) Hydride (H^) is a strong base, and the terminal 
alkyne has an acidic proton. The resulting proton 
transfer step gives an alkynide ion and hydrogen gas 
(H2. We compare the pKa values of the acids 
(highlighted below) using the values given in Table 9.2. 
Acetylene (pKa = 25) is more acidic than H2 (pKa = 35). 
As such, the equilibrium favors the weaker acid (H2). 


stronger 
acid (pKa ~ 25) 


XH 9 
4 zs 
PUER Las € 
© © 
Na H: H—H 
weaker 
acid 
(pKa = 35) 


In practice, H2 bubbles out of solution as a gas, and as a 
result, the reaction is irreversible and proceeds to 
completion (Le Chatelier’s principle). 


9.36. 

(a) When treated with aqueous acid (in the presence of 
mercuric sulfate), the terminal alkyne undergoes 
Markovnikov addition of H and OH across the alkyne, 
giving an enol. The enol is not isolated, because upon its 
formation, it undergoes tautomerization to give a methyl 
ketone: 


OH 


AX 


(not isolated) 


(b) The reagents (R2BH, followed by H202 and NaOH) 


indicate hydroboration-oxidation of the terminal alkyne, 
giving an anti-Markovnikov addition of H and OH 


a H5804, HzO 
— —ÀàÁ 


owe HgSO, 
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across the alkyne. The resulting enol is not isolated, 
because upon its formation, it undergoes tautomerization 
to give an aldehyde: 


Z 1) R;BH 
2) H202, NaOH | 


POO 


POF 


(not isolated) 
p ao | 
(0) 


(c) When treated with an excess of HBr, a terminal 
alkyne undergoes two successive addition reactions, each 
of which proceeds in a Markovnikov fashion, giving the 
following geminal dibromide: 


Br. Br 


As 


(d) When treated with one equivalent of HCl, a terminal 
alkyne undergoes an addition reaction that proceeds in a 
Markovnikov fashion, giving the following vinyl 


chloride: 


(e) When treated with an excess of Br, the alkyne 
undergoes two successive addition reactions, giving the 
following tetrabromide: 


IN e ae cA 
l4 


(£) These reagents indicate an alkylation process. In step 
1, the alkyne is deprotonated by the strong base (H2N7) 
to give an alkynide ion. In step 2, this alkynide ion is 
used as a nucleophile to attack methyl iodide (in an Sn2 
reaction), thereby installing a methyl group: 


ZA HBr (xs) 
ANZ ee a 


Z Hoe 


Z 1)NaNHp, NH3 
2) Mel 


N 


(g) Since platinum is used as the catalyst (rather than a 
poisoned catalyst), hydrogenation of the alkyne gives an 
alkane: 


Z H2 


———- 


Pt AN 
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9.37. 
(a) Markovnikov addition of addition of H and Cl can 
be achieved by treating the alkyne with one equivalent of 
HCI: 


Cl 
X = HCI N 
LI = 
(1 eq) 
(b) Reduction of a terminal alkyne cannot be achieved 
with a dissolving metal reduction. Instead, the desired 


transformation can be achieved by performing a 
hydrogenation reaction in the presence of a poisoned 


catalyst, such as Lindlar’s catalyst: 


"— 

= “ines 
catalyst 

(c) Ozonolysis of the alkyne achieves cleavage of the 

C=C bond to give a carboxylic acid (and carbon dioxide 


as a by-product): 
O 
)- a a 
OH 


(d) A terminal alkyne can be converted into a methyl 
ketone upon treatment with aqueous acid in the presence 
of mercuric sulfate. These conditions allow for 
Markovnikov addition of H and OH, giving an enol, 
which tautomerizes to the methyl ketone: 


1) ESL eee 
350 . H2O 


9.38. 


H804, H2O 
EU 


e z^ 


(e) A terminal alkyne can be converted into an aldehyde 
via hydroboration-oxidation. These conditions allow for 
an anti-Markovnikov addition of H and OH, giving an 
enol, which tautomerizes to the aldehyde: 


= 1) RoBH 
— SS 
2) H205, o 
NaOH T 


(f) An alkyne can be converted to a geminal dibromide 
via two successive addition reactions with HBr. 
Markovnikov addition is required, so we use excess HBr 


without peroxides. 


> = = 


(g) Reduction of the alkyne to an alkane can be 
achieved by performing hydrogenation in the presence of 
a catalyst, such as platinum (not a poisoned catalyst): 


p E 


(a) As seen in Table 9.2, methoxide is not a sufficiently strong base to deprotonate a terminal alkyne, because the 


conjugate acid of methoxide (methanol, pKa = 


R—CZC—H 


Weaker acid 
(pKa ~ 25) 


+ NaOCHs = 


16) is a stronger acid than a terminal alkyne (pKa ~ 25). 


R-c=c2 no + CH30H 
Stronger acid 
(pKa = 16) 


(b) As seen in Table 9.2, hydride (H) is a sufficiently strong base to deprotonate a terminal alkyne, because the 
conjugate acid of hydride (H2, pKa = 35) is a weaker acid than a terminal alkyne (pKa ~ 25). 


R—CZC—H + NaH 


Stronger acid 
(pKa ~ 25) 


— > 


R-c=cÎ NÊ + ty 


Stronger acid 
(pKa = 35) 


(c) As seen in Table 9.2, butyllithium is a sufficiently strong base to deprotonate a terminal alkyne, because the 
conjugate acid (butane, pKa = 50) is a weaker acid than a terminal alkyne (pKa ~ 25). 


o 
R-C=C-H + ^4 Q9 


Stronger acid 
(pKa ~ 25) 


——————- 


R-cECUT LU # ^ 


Weaker acid 
(pKa = 50) 
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(d) As seen in Table 9.2, hydroxide is not a sufficiently strong base to deprotonate a terminal alkyne, because the 


conjugate acid of hydroxide (water, pKa= 


R—CZC—H + NaOH ~ 


15.7) is a stronger acid than a terminal alkyne (pKa ~ 25). 


O 


Weaker acid 
(pK, ~25) 


R—CZzC: Na + H20 


Stronger acid 
(pK, 15.7) 


(e) As seen in Table 9.2, the amide ion (H2N7) is a sufficiently strong base to deprotonate a terminal alkyne, because 
the conjugate acid (NH3, pKa = 38) is a weaker acid than a terminal alkyne (pKa ~ 25). 


R—CZC—H + NaNH; 


Stronger acid 
(pKa ~ 25) 


9.39. 

(a) Yes, these compounds represent a pair of keto-enol 
tautomers. The only difference in the two structures is 
the location of a proton and the location of the x bond 
(C=C vs. C=O, and note that the molecule has also been 
rotated!). The two compounds can be interconverted by 
a two-step mechanism that is typically catalyzed by acid: 
protonation of the x bond (to give a resonance-stabilized 
cation), followed by deprotonation of the oxygen atom. 


(b) Yes, these compounds represent a pair of keto-enol 
tautomers. The only difference in the two structures is 
the location of a proton and the location of the x bond 
(C=C vs. C=O). The two compounds can be 
interconverted by a two-step mechanism that is typically 
catalyzed by acid: protonation of the x bond (to give a 
resonance-stabilized cation), followed by deprotonation 
of the oxygen atom. 


9.40. The difference between oleic acid and elaidic acid 
is the configuration of the C=C double bond. Oleic acid 
has the cis configuration, while elaidic acid has the trans 
configuration. Each of these stereoisomers can be 
obtained via reduction of the corresponding alkyne. 
Hydrogenation in the presence of a poisoned catalyst 
affords the cis alkene, 


AA. o 
MR 
OH 
Stearolic Acid 
teas: S a's | 
catalyst [9] 
OH 
L Oleic Acid 


while a dissolving metal reduction gives the trans 
alkene: 


————— 


R-C= =o" yé p * NH3 
Weaker acid 
(pKa = 38) 
2 Oem. o 


p 
Stearolic Acid OH 


ls NH3 (/) 
[e] 


Elaidic Acid 


Note that, under these conditions, the carboxylic acid 
group will be deprotonated, so a workup will be required 
to protonate the carboxylate ion and regenerate the 
carboxylic acid group. 


9.41. 

(a) Upon treatment with excess sodium amide, the 
geminal dibromide undergoes elimination (twice) 
followed by deprotonation, to give an alkynide ion. This 
alkynide ion then undergoes alkylation when treated with 
ethyl chloride (Sn2 process). Finally, hydrogenation in 
the presence of a poisoned catalyst affords the cis alkene: 


r excess NaNH> 
DECI — BEN 
DIOE Ha, 


Lindlar's catalyst 


excess T it ; 
indlar's 
Nails catalyst 
© © AN 
we M BA 
és 
—————- 
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(b) Acetylene undergoes alkylation upon deprotonation 
with sodium amide, followed by treatment with methyl 
iodide (Sn2 process). The resulting alkyne (1-propyne) 
then undergoes hydroboration-oxidation when treated 
with a dialkylborane (R2BH) followed by H202 and 
NaOH, giving an anti-Markovnikov addition of H and 
OH across the alkyne. The resulting enol is not isolated, 
because upon its formation, it undergoes tautomerization 
to give an aldehyde: 


1) NaNH> " 
2) Mel 
ZA = wx d 
3) R;BH H 
4) H203 , NaOH 1) RBH 
2) H20; , NaOH 
1) NaNH; n 
2) Mel md 


(c) Acetylene undergoes alkylation upon deprotonation 
with sodium amide, followed by treatment with ethyl 
iodide (Sn2 process) The resulting alkyne (1-butyne) 
then undergoes acid-catalyzed hydration when treated 
with aqueous acid in the presence of mercuric sulfate, 
giving a Markovnikov addition of H and OH across the 
alkyne. The resulting enol is not isolated, because upon 
its formation, it undergoes tautomerization to give a 
methyl ketone: 


1) NaNH; 
2)EH 
BA » ir ad 
3) H2504 , H20, 
HgSO, © 
HgSO, 
1) NaNH» NV. / H504 , H20 
2) Etl ANS 


(d) Acetylene undergoes alkylation upon deprotonation 
with sodium amide, followed by treatment with methyl 
iodide (Sn2 process). The resulting alkyne (1-propyne) 
then undergoes alkylation, once again, upon treatment 
with sodium amide, followed by ethyl iodide. The first 
alkylation process installs a methyl group, while the 
second process installs an ethyl group. Finally, a 
dissolving metal reduction converts the alkyne to a trans 
alkene: 


9.44, 


1) NaNH; 
| DMI x 
aa ^  93)NaNH; OR 
4) E 
)NaNH, Na, NH3 (f) Na, 
TA NH; (4 
1) NaNH A 
d 2) EtI i e 


9.42. When (R)-4-bromohept-2-yne is treated with H2 in 
the presence of Pt, the asymmetry is destroyed and C4 is 
no longer a chiral center: 


Br Br 
3 LEA PW A 
2. 
a Pt . 
Z not a chiral center 


The product, therefore, is optically inactive. This is not 
the case for (R)-4-bromohex-2-yne: 


Br Br 
= Hə d 
Z iowa Spe imc d 


a chiral center 


In this case, the chiral center is retained throughout the 
reaction, so the product is optically active. 


9.43. We are looking for an alkyne that will undergo 
hydrogenation to give the following alkane: 


a 


3-Ethylpentane 


In order to produce this alkane, the starting alkyne must 
have the same carbon skeleton as this alkane. There is 
only one such alkyne (3-ethyl-1-pentyne, shown below), 
because the triple bond cannot be placed between C2 and 
C3 of the skeleton (as that would make the C3 position 
pentavalent, and carbon cannot accommodate more than 


four bonds): 
ZEE H2 
— > 
Pt / 
3-Ethylpentane 


3-Ethyl-1-pentyne 


(a) This process is a dissolving metal reduction, so it follows the four steps shown in Mechanism 9.1. In the first step, 
a single electron is transferred from the sodium atom to the alkyne, generating a radical anion intermediate. This 
intermediate is then protonated (ammonia is the proton source), generating a radical intermediate. A single electron is 
transferred once again from a sodium atom to the radical intermediate, generating an anion, which is then protonated in 
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the final step of the mechanism. Be sure to use the correct arrows for each step of the mechanism. An ordinary arrow 
shows the movement of two electrons (e.g., proton transfer steps), while a fishhook arrow shows the movement of a 


single electron: 
H 


«Beo. A e 2] 


a 
| "se 


H 1 
ene j 
© 
H 


(b) The starting material has two enol groups, and the product has two ketone groups. As such, this transformation 
represents two tautomerization processes. Each tautomerization process must be shown separately, with two steps. In 
the first step, a double bond of one of the enol groups is protonated, generating a resonance-stabilized cation, which is 
then deprotonated (with water serving as the base) to generate the ketone. These two steps are then repeated for the 
other enol group, as shown: 

H 

bU 
H—OO 

N 


N 


z ® £0 
H-O O-H H H—O çð-H H-0% O—H| H/H H-Q :0 
v 


"o: © " 
Q 0 LET HA P H-O:5 0 
) ( ) ( Tes Jo 


9.45. Treatment of the terminal alkyne with sodium amide results in the formation of alkynide ion, which then 
functions as a nucleophile in an Sn2 reaction. The stereochemical requirement for inversion determines the 
configuration of the chiral center in the product. 


9.46. ZA Hp 


(a) In order to produce 2,4,6-trimethyloctane, the starting Edd Pd 
alkyne must have the same carbon skeleton as this 
alkane. There is only one such alkyne (shown below), 
because the triple bond cannot be placed in any other Compound A 
location (as that would give a pentavalent carbon atom, Bao db dx 
which is not possible): 
2,4,6-trimethyloctane 
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(b) Compound A has two chiral centers, highlighted 
below: 


Za 


Fa P 


(c) The locants for the methyl groups in compound A are 
3, 5, and 7, because locants are assigned in a way that 
gives the triple bond the lower number (1 rather than 7). 
In the alkane, the numbering scheme goes in the other 
direction, so as to give the first substituent the lower 
possible number (2 rather than 3) 


1 
8 6 4 27 1 3 5 7 
icm dd bd du dis 


9.47. Hydrogenation of compound A produces 2- 
methylhexane: 


H2 
Compound A Sp E 


There are several alkynes that can 
hydrogenation to yield 2-methylhexane. 


pa 
pU P 
SS hs 
D 
I 


However, only one of these three possibilities will 
undergo hydroboration-oxidation to give an aldehyde. 
Specifically, the alkyne must be terminal in order to 
generate an aldehyde upon hydroboration-oxidation: 


An. 


Compound A 


undergo 


1) RoBH 


2) H202, NaOH 
9.48. 


(a) The desired transformation must lengthen the carbon 
chain by two carbon atoms, and we need to produce a 
ketone. To begin the retrosynthesis we ask, “What 
starting material is needed to make a ketone?" Recall 
that ketones can be prepared by hydration of an alkyne, 
and the alkyne intermediate is suitable for making the 
required C-C bond disconnection: 


AD * x 


Electrophile Nucleophile 
Now let's draw the forward process. The transformation 
begins with alkylation of the terminal alkyne, as seen in 
the first two steps of the following synthesis. The 
resulting, symmetrical alkyne can then undergo acid- 
catalyzed hydration to give the desired ketone. 


1) NaNH» € v" 
| 258 —— o 


^ 3)H$04, H0, — H20, 


HgS04 HgSO4 
H5SO, , H2O 
1) NaNH; 


2)Et 


yes 


Alternatively, the final step of the synthesis (conversion 
of the alkyne into the desired ketone) can be achieved via 
hydroboration-oxidation. 


(b) The desired transformation is a functional group 
interconversion (there is no change to the carbon 
skeleton). To begin the retrosynthesis we ask, “What 
starting material is needed to make an alkene?” The 
alkene can be prepared by partial reduction of the 
corresponding alkyne, and the alkyne intermediate can 
be prepared from the given dihalide: 


AV — 77 = 


Now let’s draw the forward process. The geminal 
dihalide starting material can be converted into a 
terminal alkyne upon treatment with excess sodium 
amide (followed by water to protonate the alkynide ion). 
The alkyne can then be reduced by hydrogenation with a 
poisoned catalyst, such as Lindlar’s catalyst. 


1) excess NaNH; 
2) HO 


»- ~x 


Br Br 3) Ho, Lindlar's catalyst 
Ho, 
1)xsNaNH? | Z^. Lindlar's 
2) HO Su catalyst 


(c) The desired transformation must lengthen the 
carbon chain by one carbon atom, and we need to make a 
trans alkene. To begin the retrosynthesis we ask, “What 
starting material is needed to make a trans alkene?" The 
trans alkene can be prepared by partial reduction of the 


corresponding alkyne, and the alkyne intermediate is 
suitable for making the required C-C bond 
disconnection: 


Arar SANAN 


Sse 
U 


diim + I+CH 
So A 
Nucleophile Electrophile 


The retrosynthesis concludes by recognizing the required 
alkyne can be prepared from the given dihalide: 


AN. => 
WN 
ES a 


Now let’s draw the forward process. To achieve the 
desired transformation, the geminal dihalide starting 
material can be converted into a terminal alkyne upon 
treatment with excess sodium amide (followed by water 
to protonate the alkynide ion). The next part of the 
synthesis (alkylation of the alkyne) can be accomplished 
via treatment with NaNH» followed by methyl iodide. 
Finally, the alkyne is treated with sodium in liquid 
ammonia to give the trans alkene (dissolving metal 
reduction). 


1) excess NaNH; 
2) H20 
3) NaNH; P gru 
Bí Br 4) Mel 
5) Na, NH3 Na 
1)xs NH3 
NaNH> 
2) H5O 
P 
SS  2jMel e 


Note: The alkynide anion formed in step 1 can be used 
directly for the alkylation process (the neutral alkyne 
produced after step 2 does not need to be isolated and 
purified). In other words, step 2 (protonation) and step 3 
(deprotonation) can be omitted, like this: 


1) excess NaNH> Aa. 
2) Mel 
Br Br 3)Na, NH3 
Na, 
XS NH3 
NaNH> 
FOS 
Na SS. 


(d) The desired transformation is a functional group 
interconversion (there is no change to the carbon 
skeleton). To begin the retrosynthesis we ask, “What 
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starting material is needed to make a ketone?” Recall 
that ketones can be prepared by hydration of an alkyne, 
and the required alkyne can be prepared from the given 
dihalide: 


EE o wu d 


fe CI CI 


Now let's draw the forward process. The geminal 
dihalide starting material can be converted into a 
terminal alkyne upon treatment with excess sodium 
amide (followed by water to protonate the alkynide ion). 
The resulting terminal alkyne can then undergo acid- 
catalyzed hydration in the presence of mercuric sulfate to 
give a methyl ketone: 


TOUR 


1) excess NaNH2 


2) H20 
CI Cl  3)H,S0, H20, HgSO, O 
H20 
1)xs NaNH? A~ H2504 
2) H20 Su HgSO,4 


(e) The desired transformation is a functional group 
interconversion (there is no change to the carbon 
skeleton). To begin the retrosynthesis we ask, “What 
starting material is needed to make a vinyl dibromide 
(with the specific stereochemistry shown)?” The target 
molecule can be prepared from an alkyne, and the 
required alkyne can be prepared from the given dihalide: 


Br 


Br Br 
Br 


Now let’s draw the forward process. The geminal 
dihalide starting material can be converted into a 
terminal alkyne upon treatment with excess sodium 
amide (followed by water to protonate the alkynide ion). 
The terminal alkyne can then be treated with one 
equivalent of bromine to give the desired product: 


1) excess NaNH> Br 
m 2) HÒ cé 
3) Br; (1 e 
B br ) Br? (1 eq) I 
Bro 
1}xs NaNHs PS (1 eq) 
2} H30 S 


(f) The desired transformation is a functional group 
interconversion (there is no change to the carbon 
skeleton). To begin the retrosynthesis we ask, “What 
starting material is needed to make an alcohol?” 
Selecting an alkene is a logical choice, because the 
alkene can be prepared from an alkyne that, in turn, can 
be prepared from the given dihalide starting material: 
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CI CI 


Now let's draw the forward process. The synthesis 
begins by converting the dihalide into a terminal alkyne. 
This alkyne can then be reduced (in the presence of a 
poisoned catalyst) to give an alkene. This alkene can 
then be treated with dilute aqueous acid to give 
Markovnikov addition of H and OH, resulting in the 
desired product: 


1) excess NaNH> 


2) H20 
> 
3) H5, Lindlar's catalyst ose 
cl Cl 4) dilute H2504 OH 
1) xs NaNH; dilute 
2) H20 H2504 
[N UR e ZA 
Su Lindlar's "di d 
catalyst 


9.49, Treatment of 1,2-dichloropentane with excess 
sodium amide (followed by water to protonate the 
alkynide ion) gives 1-pentyne (compound X). 


CI 
EE ee: 1) xs NaNH; BA 
| —— Me 
2)H,0 Papa 
Compound X 


Compound X undergoes acid-catalyzed hydration to give 
a methyl ketone, shown below: 


a H5SO4, HÒ 
———— 
HgSO4 


EN 
9.50. Acetic acid has two carbon atoms, and carbon 
dioxide has one, so our starting alkyne has three carbon 
atoms: 


ANZ 


1) 03 


^ 
H3C—C + CO, 
2) H20 \ 


OH 


H4C—CZC—H 


9.51. If two products are obtained, then the alkyne must 
be internal and unsymmetrical. There is only one such 
alkyne with the molecular formula CsHs: 
H5SO4, H20 
HgSO, | 


/ = 
(0) 


x RN UP 


(0) 


9.52. 

(a) As seen in Figure 9.7, a double bond can be 
converted into a triple bond via bromination, followed by 
two successive elimination reactions (with excess 
NaNH2). Under these conditions, the resulting terminal 
alkyne is deprotonated, so water is introduced to 
protonate the alkynide ion, generating the alkyne: 


On Se. 
— > 
Z 2) excess NaNH> N 


3) H20 NY 
Bra 1) xs NaNHa 
2) H20 
Br 
Br 
(racemic) 


(b) The desired transformation must lengthen the carbon 
chain by two carbon atoms, and we need to make a trans 
alkene. To begin the retrosynthesis we ask, “What 
starting material can be used to make a trans alkene?" 
The trans alkene can be prepared by partial reduction of 
the corresponding alkyne, and the alkyne intermediate is 


suitable for making the required C-C bond 
disconnection: 
= FO 
NANN Ne 
AN I 
So A 
Nucleophile Electrophile 


Now let’s draw the forward process. The first part of the 
synthesis (alkylation of the alkyne) can be accomplished 
via treatment with NaNH2 followed by ethyl iodide. 
After the alkylation process, a dissolving metal reduction 
will convert the alkyne into the desired trans alkene: 


1) NaNH; 
"P die 7 me a N 
1) NaNHs Ju 

2) Etl Zé N NH; () 


(c) When we compare the starting and final compounds, 
we observe two differences: the triple bond is gone and 
the carbon chain in the product is longer by three carbon 
atoms. The retrosynthetic analysis of the target molecule 
asks, *What starting material can be used to make an 
alkane?” One reaction we've seen that generates a 


product with no functional groups is 
hydrogenation of an alkyne. 


onaciod 


The alkyne intermediate is suitable for making the 
required C-C bond disconnection, so that is how the 
retrosynthesis continues: 


catalytic 


1 


ZA s 
Ze L. 
o = a 
Nucleophile Electrophile 


Now let's draw the forward process. The first part of the 
synthesis (alkylation of the alkyne) can be accomplished 
via treatment with NaNH» followed by n-propyl iodide. 
After the alkylation process, the resulting internal alkyne 
can be converted to the desired alkane upon 
hydrogenation: 


AA 


CY 2 1) NaNH> 
s iban PSP 
Er Pt 
1) NaNH; 


9.53. The starting material can either be a geminal 
dichloride or a vicinal dichloride: 


Cl 


Due to the symmetry of the compound, there are no other 
dichlorides that can be used to prepare the indicated 
alkyne via elimination. 


9.54. In order to determine the structures of compounds 
A-D, we must work backwards. The last step is an 
alkylation process that installs an ethyl group, so 
compound D must be an alkynide ion, which is prepared 
from the corresponding terminal alkyne (compound C). 
The alkyne is made from the dibromide (compound B), 
which is formed in the first step when an alkene 
(compound A) is treated with Br»: 
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9.55. Terminal alkynes have the structure R-C=C-H. 
The molecular formula indicates six carbon atoms, so the 
R group must be comprised of four carbon atoms. There 
are four different ways to connect these carbon atoms. 
They can be connected in a linear fashion, like this: 


[NAN 
Z 


1-Hexyne 


or there can be one methyl branch, which can be placed 
in either of two locations (C3 or C4), shown here: 


"e er 


3-Methyl-1-pentyne 4-Methyl-1-pentyne 


or there can be two methyl branches, as shown here: 


A 


a 
3,3-Dimethyl-1-butyne 


9.56. Formation of 2,2-dimethyl-3-octyne (shown 
below) from acetylene would require two alkylation 
processes. That is, we must install an n-butyl group and 
a tert-butyl group. Installation of the n-butyl group can 
be readily achieved, but the tert-butyl group cannot, 
because installation of a tert-butyl group would require 
the use of a tertiary substrate, which will not undergo an 
Sn2 process: 


S 
ho c 


2,2-Dimethyl-3-octyne 


9.57. 

(a) This transformation requires the installation of two 
alkyl groups, but these groups must be added one at a 
time. The given synthesis fails because it attempts to add 
both ethyl groups at once, which would require a highly 
unstable dianion. 
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excess excess 
NaNH; H3, Pd 
excess p 2 
© EtBr WN 
So Se 


unstable dianion 


(b) This transformation prepares an epoxide with trans 
methyl groups, which must be prepared from an alkene 
with trans methyl groups. Catalytic hydrogenation with a 
poisoned catalyst produces a cis alkene, so the epoxide 
product would have the wrong stereochemistry. 


O 
NS X : X. trans methyl 
N Z groups 


| 1) NaNH2 

2) Mel MCPBA 

pw -— og = cis methyl 
Lindlar's cat. groups 


(c) This transformation requires the installation of an 
alkyl group, and the reduction of an alkyne to an alkene. 
The given synthesis does not work because it attempts to 
alkylate an alkene which fails because the proton 
attached to an sp? hybridized carbon atom is not acidic. 
Only a terminal a/kyne can be deprotonated. 


N Bud 
H2, 
Lindlar’ | Br 
gat NaNH; /~ 


unstable anion 


(d) This transformation requires Markovnikov addition 
of HBr to an alkene, the formation of a new C-C bond 
(via installation of an alkyl group on a terminal alkyne), 
and the hydration of an alkyne to furnish a ketone. The 
alkylation step fails because the acetylide anion is a 
strong base, and E2 elimination is favored for a 
secondary alkyl halide substrate. Alkylation of an alkyne 
is efficient only with a primary or methyl halide. 


(0) 
H20, H5S04 
HBr | HgSO, 
Br HC=CNa a 


puc ud 


E2 favored over Sy2 with 2° 
alkyl halide and strong base 


9.58. The products are carbon dioxide and a carboxylic 
acid, so we must be dealing with a terminal alkyne: 


Q Q 
1) O3 |l 
—R 3480 G + R 
: y HO 


In this case, R = CH3, so the correct answer is (a): 


==— CH, 


9.59. Answer (c) involves hydroboration-oxidation of a 
terminal alkyne, which would give an aldehyde (not a 


ketone): 
7~  _1)RoBH H 
Z 2) H202, NaOH i. 


9.60. The correct answer is (c). The reaction shows the 
conversion of an internal alkyne into a trans alkene. 
This can be accomplished via a dissolving metal 
reduction, which employs sodium metal in liquid 
ammonia. 


9.61. The correct answer is (d). An alkyne can be 
converted to a geminal dibromide via two successive 
addition reactions with HBr. Markovnikov addition is 
required, so we use excess HBr without peroxides. 


Br 


9.62. The correct answer is (b). This transformation 
requires two processes: 1) reduction of the alkyne to give 
an alkene, and 2) dihydroxylation to give a diol. One 
way to achieve the desired stereochemical outcome is to 
perform each process in a syn fashion. 


1) Ha, HO OH 


‘a. Lindlar's cat. x 
= 2) KMnO, 


TR - Pi KMnO4 


Lindlar's 
catalyst 


9.63. The correct answer is (b). The most logical 
disconnection of the alkyne target molecule takes place 
at the C-C bond on either side of the alkyne. The sp 
hybridized carbon atom served as the nucleophile, so we 
draw a negative charge on the carbon atom to give a 
recognizable nucleophile (alkynide ion). The other 


carbon atom (at the disconnected bond) must have 
started out as an electrophile, so we draw a leaving group 
(such as Cl, Br, or I) at that position. 


wasa det was an electrophile 


Sag” 


What starting 
materials are 
needed? 
Br 
y= + TN 
Nucleophile Electrophile 


9.64. The correct answer is (c). A logical disconnection 
of the alkyne target molecule takes place at the C-C 
bond on either side of the alkyne. We must avoid making 
a disconnection at the sp? hybridized carbon atom on the 
benzene ring, because a leaving group at that position 
cannot undergo an Sn2 substitution. 


EM 
Ow de 


Not a suitable Nucleophile 


electrophile for Sy2 


Therefore, the most logical disconnection is at the other 
side of the alkyne. The sp hybridized carbon atom served 
as the nucleophile, so we draw a negative charge on the 
carbon atom to give a recognizable nucleophile (alkynide 
ion). The other carbon atom (at the disconnected bond) 
must have started out as an electrophile, so we draw a 
leaving group (such as Cl, Br, or J) at that position. With 
this combination of an alkynide nucleophile and an 
electrophile with a leaving group on a primary carbon, 
we expect an Sn2 process to proceed smoothly to give 
the desired target molecule. 


Sau 


Br 3E 
O- 


Nucleophile Electrophile 
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9.65. 

The correct answer is (d). These reagents indicate an 
alkylation process. In step 1, the alkyne is deprotonated 
by the strong base (H2N ) to give an alkynide ion. In step 
2, this alkynide ion is used as a nucleophile to attack the 
given alkyl chloride (at the highlighted carbon atom, in 
an Sn2 reaction), thereby forming a new C-C bond: 


LZ 0NaNH; 
P d 2) 
OQA S 


9.66. 

(a) The alkyne can be reduced to an alkene, followed 
by bromination. Since the last step (bromination) 
proceeds via an anti addition, the desired stereoisomer 
can only be obtained if the previous step (reduction of 
the alkyne) is performed in an anti fashion as well. That 
is, we must perform a dissolving metal reduction: 


Br 
^  1Na,NH;() 
p 4 "Bee —— 7 ds 
Nu. cn LU 
T, 


(b) The alkyne can be reduced to an alkene, followed by 
bromination. Since the last step (bromination) proceeds 
via an anti addition, the desired stereoisomer can only be 
obtained if the previous step (reduction of the alkyne) is 
performed in a syn fashion. That is, we must perform a 
hydrogenation reaction with a poisoned catalyst, rather 
than using a dissolving metal reduction. 


jg 1) H2, Br 
Lindlar's catalyst 
BA +En 
a 2) Bra 
Ho, — Bro 
Lindlar's 
cat. 


(c) This transformation requires two processes: 1) 
reduction of the alkyne to give an alkene, and 2) 
dihydroxylation to give a diol. In order to achieve the 
desired stereochemical outcome, the diol can be prepared 
from either the trans or cis alkene: 


"CA. + syn dihydroxylation 


dez or 


+ anti dihydroxylation 
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Either alkene can be prepared from the given starting 
material (2-butyne), and both answers are acceptable. In 
the first answer below, the reduction is performed in an 
anti fashion, while the dihydroxylation process is 
performed in a syn fashion. In the second answer below, 
the reduction is performed in a syn fashion, while the 
dihydroxylation process is performed in an anti fashion. 


1) Na, NH3 (/) 
2) cat. OsO4, NMO 


OH 
A Av ve 
1) Ha, OH 
Lindlar's Catalyst 
2) RCO3H 
3) H30* 


(d) This transformation requires two processes: 1) 
reduction of the alkyne to give an alkene, and 2) 
dihydroxylation to give a diol. In order to achieve the 
desired stereochemical outcome, the diol can be prepared 
from either the trans or cis alkene: 


OH AW + anti dihydroxylation 


pw => or 
ÔH 


S/N + syn dihydroxylation 


Either alkene can be prepared from the given starting 
material (2-butyne), and both answers are acceptable. 
We must either perform both the reduction and the 
dihydroxylation in an anti fashion (as shown in the first 
answer below), or we must perform each process in a syn 
fashion (as shown in the second answer below). 


1) Na, NH3 ()) 
// 2)RCO3H N 
3) H0* 


1) Ho, 6H 
Lindlar's Catalyst 


2) cat. OsO4, NMO 


(e) This transformation requires three processes: 1) 
lengthening the carbon chain, 2) reduction of the alkyne 
to give an alkene, and 3) dihydroxylation to give a diol. 
In order to achieve the desired stereochemical outcome, 
the diol can be prepared from either the trans or cis 
alkene, as shown in the solution to part (c). Either alkene 
can be prepared from 2-butyne, and the alkyne 
intermediate is suitable for making the required C-C 
bond disconnections: 


a U 
Z 


Now let’s draw the forward process. Acetylene is 
converted to 2-butyne via two successive alkylation 
processes. In the first answer below, the subsequent 
reduction is performed in an anti fashion, while the 
dihydroxylation process is performed in a syn fashion. In 
the second answer below, the reduction is performed in a 
syn fashion, while the dihydroxylation process is 
performed in an anti fashion. 


1) NaNH; 
2) MeI 

3) NaNH; 
4) MeI 
5) Na, NH3 (/)) 
6) cat. OsO4, NMO 


OH 


AY + En 


OH 


N 


4) Mel 

5) H5, Lindlar's Catalyst 
6) RCO3H 

7) H30* 


(f) This transformation requires three processes: 1) 
lengthening the carbon chain, 2) reduction of the alkyne 
to give an alkene, and 3) dihydroxylation to give a diol. 
In order to achieve the desired stereochemical outcome, 
the diol can be prepared from either the trans or cis 
alkene, as shown in part (d). Either alkene can be 
prepared from 2-butyne, and the alkyne intermediate is 


suitable for making the required C-C bond 
disconnections: 
oe p 


or — 7 
ZA CUN 


Now let's draw the forward process.  Acetylene is 
converted to 2-butyne via two successive alkylation 
processes. Next, we must either perform both the 
reduction and the dihydroxylation in an anti fashion (as 
shown in the first answer below), or we must perform 
each process in a syn fashion (as shown in the second 
answer below). 


1) NaNH; 
2) Mel 

3) NaNH> 
4) Mel 
5) Na, NHs (I) 
6) RCO3H 

7) H40* 


N 


1) NaNH2 
2) Mel 

3) NaNH; 
4) MeI 

5) H5, Lindlar's Catalyst 
6) cat. OsO4, NMO 


9.67. The replacement of a hydrogen atom with a 
deuterium can be accomplished with two “proton” 
transfer reactions. Deprotonation of the alkyne with 
sodium amide results in an alkynide ion. If the alkynide 
ion is treated with water (H20), the alkynide ion will be 
protonated again to regenerate the starting alkyne. If, 
however, the alkynide ion is treated with a source of 
deuterons (D2O), then the desired deuterated compound 
will be produced: 


ZA _1)NaNH, 
uin dd 2) DjO 


NaNH» e^. VO, | 
E D EL 
LORE 


(acid) 
(base) 


9.68. The desired transformation is a functional group 
interconversion (there is no change to the carbon 
skeleton). To begin the retrosynthesis we ask, “What 
starting material can be used to make a ketone?” Recall 
that ketones can be prepared by hydration of an alkyne: 


(0) 


a cales d 


The required alkyne intermediate can be prepared from a 
dibromide that leads back to the given starting material: 
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3 Br 


Now let’s draw the forward process. Conversion of the 
alkene starting material into the required alkyne can be 
accomplished via a two-step procedure. The alkene is 
treated with molecular bromine (Br2) to give a vicinal 
dibromide, which is then treated with excess NaNH2 
(followed by water to protonate the alkynide ion) to give 
an alkyne. Finally, the alkyne can be converted into the 
desired methyl ketone via acid-catalyzed hydration in the 
presence of mercuric sulfate: 


1) Br? o 
2) xs NaNH; 
——————— M e 
dnd 3) HO 
4) H50, H5804, 
HgSO. 
Br T H20 
4 H2SO4 
HgSO4 
Br <a 
1) xs NaNH; BS 
——————À — 
2) H20 ud 
Br 
(racemic) 


9.69. Since ozonolysis of the internal alkyne leads to 
only one carboxylic acid (rather than two), we can 
deduce that the internal alkyne must be symmetrical. If 
it has to be symmetrical, then it must be 4-octyne, since 
we installed a propyl group ourselves (that is, the starting 
alkyne already had one propyl group). 


— —1)NaNH; 
= a 2) NAi | 
Er cuu: ae 
4-octyne 
(0) 
ae 
2 sg. 2)H20 
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9.70. The alkyne proton (pKa ~ 25) is not the most acidic proton in the compound. The OH group bears a more acidic 
proton (pKa ~ 18), so treatment with a strong base (such as sodium amide) will result in deprotonation of the OH group. 
The resulting alkoxide ion then serves as a nucleophile when treated with methyl iodide, giving an Sn2 reaction to 
generate the following product: 


Hon EN 2 SEE Ree 
ZS ONH, S Ho} z 


— 


9.71. The key to solving this problem is to recognize that the methyl groups are not actually migrating. We can see 
this more clearly if we flip the product horizontally, and then compare it to the starting material: 


O OH OH O 
Fa geo I 
—————- 


When drawn in this way, we can see more clearly that it is just a tautomerization process. Protonation of the C=O bond 
gives an intermediate that is highly resonance stabilized. Deprotonation then gives the product: 


H H 
= H 
"o9 "o o ~œ ^o o 
E pw ae 
R4 R2 R2 R1 R1 R2 
H 
/ Ha LH 
mee po 
H ud 
1 
Ho HL H OH, H H, H K m 
90v O O o O oN o GO 
Ry R2 R© R3 Ri O^R, Ri R 


2 


9.72. Much like an enol, the starting material in this case (called an enamine) also undergoes tautomerization via a 
similar mechanism. That is, the double bond is first protonated to generate a resonance-stabilized cation, which is then 
deprotonated. Notice that, in the first step, the double bond is protonated, rather than the nitrogen atom. Protonation of 
the nitrogen atom does not result in a resonance-stabilized cation. 


Ho 6H H, CH een] D CH 
N^ 3 «Io oN 3 BN 3 - N^ 3 
ue H H^ ^H 

Cs 
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9.73. 

(a) This transformation requires three processes: 1) lengthening the carbon chain, 2) reduction of the alkyne to give an 
alkene, and 3) epoxidation. In order to achieve the desired stereochemical outcome, the epoxide must be prepared from 
a trans alkene (specifically, trans-2-pentene), which can be prepared from 2-pentyne: 


O 
Et ‘Me 


We complete the retrosynthetic analysis by identifying that 2-pentyne is suitable for making the required C-C bond 
disconnections: 


A 


a 


The retrosynthesis reveals the need for EtBr, but the only 2-carbon starting material that is allowed is acetylene, so 
EtBr must also be prepared from acetylene. An alkyl halide can be prepared from an alkene, which, in turn, can be 
prepared from acetylene: 

ge oe — Z => A 
Now let’s draw the forward process. Two successive alkylation processes will convert acetylene into 2-pentyne (the 


alkylations can be done in either order). 2-Pentyne can then be converted into the desired epoxide target molecule via a 
dissolving metal reduction, followed by epoxidation of the resulting trans alkene, as shown here: 


1) Ho, 
Lindlar's catalyst 
2) HBr 


1) NaNH; 


D MAr LU 1) Na, NH (/} e 


——————- Sum — Oo ZN + En 
3) NaNH, Los 2) RCO3H p 
4) Mel Et Me 


M 


(b) This transformation requires three processes: 1) lengthening the carbon chain, 2) reduction of the alkyne to give an 
alkene, and 3) epoxidation. In order to achieve the desired stereochemical outcome, the epoxide must be prepared from 
a cis alkene (specifically, cis-2-pentene), which can be prepared from 2-pentyne. 


Pd 
O 
Et Me i^ 


We complete the retrosynthetic analysis by identifying that 2-pentyne is suitable for making the required C-C bond 
disconnections: 
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The retrosynthesis reveals the need for EtBr, but the only 2-carbon starting material that is allowed in acetylene, so 
EtBr must also be prepared from acetylene. An alkyl halide can be prepared from an alkene, which, in turn, can be 
prepared from acetylene: 


ee f 


Now let’s draw the forward process. Two successive alkylation processes will convert acetylene into 2-pentyne (the 
alkylations can be done in either order). 2-Pentyne can then be converted into the desired epoxide target molecule via 
hydrogenation (with a poisoned catalyst), followed by epoxidation of the resulting cis alkene, as shown here: 


1) Ha, 
Lindlar's catalyst 

2) HBr 
1) NaNH; 0H 
3j us [N adlar o 

NS Br Ss Lindlar's catalyst AEN 

3) NaNH; TV. 2)RCOsH 
4) Mel Et Me 


9.74. The mechanism of alkyne halogenation is not entirely understood, but we can propose a mechanism for the 
addition of Br and OH across the triple bond. In the presence of Br», the alkyne is converted to a bromonium ion, 
which can be opened with water. The resulting oxonium ion is deprotonated to reveal an enol, which undergoes a two- 
step tautomerization to give the observed product: 


ji» 


“Br: 

p ee R Br 

REEL +> y» 
H—O V 
j 
Q 

H ©`H 
ZOX 

R Br H^ ^H R Br R Br 

/ e 

O HT H—0:> 


CHAPTER 9 357 


9.75. D3O" is directly analogous to H30*, but the protons have been replaced with deuterons. In the presence of D30*, 
tautomerization processes can occur. Below are two, successive tautomerization processes that can successfully 
explain formation of the deuterated product: 


DOO ON, O 
\ 
H D H DAH 
q 


M 

r 
D. OG D... X DY 
a 60-D 9 

CY X ews — Gr 

-— — 
"O: 
D^ ^D 
o 
D 


9.76. 
(a) Compare the structures of the starting material and product, and identify the part of the structure that must be 
modified: 


CH3O (BOC}N 


CH34O BZ 
"OU PCI 2 


The rest of the structure remains unchanged. If we represent that part of the structure as an R group, the desired 
transformation can be shown as follows: 


Wk — > "Exc 


This transformation requires two processes: 1) lengthening the carbon chain, 2) reduction of the alkyne to give an 
alkane. We can number the alkyne carbon atoms in order to keep track of them throughout the retrosynthesis. The alkyl 
chain in the target molecule can be prepared from the alkyne, and this intermediate is suitable for making the required 
C-C bond disconnection: 

Cl 


1 di - 
Ml o c NOAS => wore => R^ * = ANE 
RI Nucleophile Electrophile 
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Now let’s draw the forward process. The given transformation can be achieved by deprotonation of the terminal alkyne 
(with NaNH2) and subsequent treatment with the required electrophile (CICH20CH2CH20CH3 is called methoxy 
ethoxymethyl chloride or MEM chloride), followed by reduction of the alkyne group via hydrogenation. 


Bos 
CH4O CH4O D^ S QS 


(BON. [Z 3) (BOC), 
sae ae PENY we n 
2 
o o K TRA 
/\ 
| Hp, Pt 


CH4O 


(BOC); o 
“OL owas E 


(b) The chiral center has the S configuration in both the starting material and the final product (the priorities, shown 
below, do not change as a result of the transformation). 


M CH4O d rs 
vet eid (BOC)N ae 
3 ny 
| 
I 
2) i < d EN 


9.77. 
(a) Dimethyl sulfate has two electrophilic methyl groups, each of which can be transferred to an acetylide ion: 


a 
at ô+ 
H3C—-O— $- O-CH3 
o 


A mechanism is shown here. First, an acetylide ion functions as a nucleophile and attacks one of the methyl groups of 
dimethyl sulfate, thereby methylating the acetylide ion, giving propyne. Then, another acetylide ion attacks the 


remaining methyl group, to give a second equivalent of propyne. The ionic byproduct is Na2SO« (sodium sulfate), as 
shown: 


o o 
F i i 
HCI + dic [8-5 ocn, E A 


————- | H-C=C—-CH, +  0-—$—0--GHs 


I 
NO O Major product NS O 
Oo) © 
| C=C: Na 
I 
“OS aM + H—-C=C—CH3 
NS [e] NS Major product 


lonic byproduct 
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(b) During the course of the reaction, propyne molecules are being generated in the presence of acetylide ions. Under 
these conditions, propyne is deprotonated to give an alkynide ion which can then function as a nucleophile and attack a 
methyl group of dimethyl sulfate, giving 2-butyne: 


© e 
A á "09 o Na 
H4C —C=C-H + CMÓZC-H ==  HQC-CZCR + H—CZC—H 


Major product Acetylene 


À 


I 
HsC-O—S—O—CHg 


o II 
H4C —C=C—CH3 + OS Fe oes 
2-Butyne Ne Ó 


Notice that in the first step of this process, an acetylide ion is converted to acetylene. This mechanism is therefore 
consistent with the observation that acetylene is present among the reaction products. 


(c) With diethyl sulfate, an ethyl group is transferred in the alkylation reaction (rather than a methyl group). Therefore, 
the major product would be 1-butyne, as shown below: 


O 
CP Neel o il 
H—OZG: + LI ERES NOR DE —— dá H—CzC-—CH5CHs + O7 RT eee 


No [e] 1-butyne ne 


If the product undergoes further alkylation, the minor product would be 3-hexyne, as shown below: 


© © 
A mH Œo o Na 
CH3CH; —C—C--H + NC=EC—-H == CHCH CEC + H—CzC-—H 
1-butyne Acetylene 


i 
crore 5-5 o con. 
© 


© [I 
CH3CH»5 — C =C —CH2ĊH3 + Qm M eM 
3-Hexyne NO Oo 


360 CHAPTER 9 


9.78. The alkyne isomerization is accomplished by a series of proton transfer reactions. Sodium amide is a strong 
base, so before the alkyne isomerization occurs, the alcohol group in 1 will be deprotonated to form an alkoxide ion (a 
negative charge on an oxygen atom). The alkoxide ion is carried through until the final reprotonation event (in step 2 
when H20 is introduced, which takes place after the transformation below is complete). 


NH 
> TN o? 
ONH> 


NH, 


The formation of an alkynide ion (stabilized by having the lone pair on the carbon atom in an sp hybridized orbital) 
serves as a driving force for the reaction (see solution to problem 9.8). After the transformation above is complete, 
water is introduced as a proton source, giving 2. The more strongly basic alkynide position is likely protonated first, 
followed by protonation of the alkoxide: 


9.79. 

(a) The problem statement indicates that the first mechanistic step for iodination of an alkyne is formation of a bridged 
iodonium intermediate, as shown below. This intermediate is analogous to the intermediate that we saw during 
halogenation of alkenes, although notice that the three-membered ring has a double bond (because the starting material 
was an alkyne, rather than an alkene). 


ae 


lodonium ion 
intermediate 
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(b) As shown, the resulting carbocation would be vinylic, and we have seen that vinylic carbocations are generally too 
high in energy to form: 


e 


vinylic carbocation 
(too high in energy to form) 


(c) The problem statement describes the following two-step mechanism, which avoids the formation of a vinylic 
carbocation intermediate. After the initial formation of the iodonium ion, the iodide anion can attack the second alkyne 
group, causing the 7-electrons to attack the iodonium ion, giving the final product. 


SR ; 
$e “tee Red 


9.80. 
(a) The highlighted carbon atom has four o bonds, and is therefore sp? hybridized. As a result, the geometry around 
this carbon atom is expected to be tetrahedral, with approximate bond angles of 109.5?. 


[e H sp? hybridized 


Y 
Se 


(a) Compound 1 is an aldehyde, and its enol is shown here: 


On LH HO. LH 


aldehyde enol 


If we explore the same carbon atom that we analyzed in part (a), we find that this carbon atom (highlighted below) is 
sp? hybridized, with approximate bond angles of 120°. 


HO. H 


sp? hybridized 


(c) As we noted in the solutions to parts (a) and (b), we expect the bond angles to change when compound 1 is 
converted into its enol form. Specifically, there is an increase in the bond angles from 109.5° to 120°, as shown: 
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Ox LH HO. H 
109.5 ean 120 


As such, the sterically demanding (bulky) aromatic rings are able to alleviate some steric strain in the enol form, 
relative to the aldehyde. In the aldehyde form, the aromatic rings are forced to be closer together in space. This steric 
effect causes the enol form to be particularly stable, and its concentration is significant (9.1% vs. the typical 0.014%). 


(d) For compound 2, the following equilibrium is established between the aldehyde and the enol: 


Ox LH HO. LH 


Once again, there is a change in hybridization state for the central carbon atom, and once again there is a steric effect. 
But in this case, the steric effect is more pronounced. The presence of the methyl groups causes the steric effect to be 
much greater, and as a result, the enol form is even more highly favored, because the enol form alleviates much of the 
significant steric strain present in the aldehyde form. 


9.81. 
(a) Begin by drawing the carbocation intermediate in this case: 


pe 
- OG 


As noted in the problem statement, vinyl carbocations are generally too unstable to form, but this particular vinyl 
carbocation is stabilized by resonance, as shown below: 


me Es 
CoP Orge 


(b) The mechanism described in the problem statement is shown below. One of the alkyne groups is protonated 
resulting in the formation of a new C-H bond, and a resonance-stabilized vinyl carbocation. The m electrons from the 
other alkyne attack this carbocation, resulting in the formation of a new C-C bond, and a new vinyl carbocation. 
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Nucleophilic attack of water, followed by deprotonation, gives the enol, which tautomerizes to form the ketone, as 


shown: 


9.82. 


(a) If the tautomerization process is base-catalyzed, then the first step will be deprotonation to give a resonance- 


stabilized anion, which is then protonated to give the tautomer. 


\ oO 


UH 
N 
N © 
N h Ph :Base 
\ [9] 
H HEN S 
\=n 


LH 
N 
Ns ees. 
N H 
\ © 
H NN 
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(b) If the tautomerization process is acid-catalyzed, then the first step will be protonation to give a resonance-stabilized 
cation, which is then deprotonated to give the tautomer. 


o 
\ LH | \ o *1 
N 
N 
N H i whe 
\ 


9.83. 

(a) The molecular formula of compound 2 indicates that five carbon atoms have been installed (compound 1 contains 
only eight carbon atoms, while compound 2 contains thirteen carbon atoms). The lack of oxygen atoms in the 
molecular formula of compound 2 also indicates that the acetate group (OAc) has been completely removed, but the 
nitrogen atom is still present. These observations are consistent with the following structure, which can be formed via 
a substitution reaction in which the nitrogen atom in 1 functions as the nucleophile, and the acetate group functions as a 
leaving group. 


AcO 
A 
po 2 ts 


Since the substrate is tertiary, an SN2 pathway is too slow to be viable, as the result of steric hindrance. As such, the 
reaction must proceed via an Snl pathway: 
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(b) The reduction of a terminal alkyne to an alkene can be accomplished by treating compound 2 with H2 and Lindlar's 
catalyst. Note: a terminal alkyne cannot be reduced via a dissolving metal reduction. 


oe E CO 
— 
Lindlar's 
N catalyst N Z 
2 as 3 -Á 


9.84. 


(a) The following is a wedge-and-dash structure for the anti-anti conformation of pentane. Notice that C1 and C4 are 


anti to each other (when looking down the C2-C3 bond), while C2 and C5 are also anti to each other (when looking 
down the C3-C4 bond). 


anti-anti conformation anti conformation 
about C2-C3 bond 


anti conformation 
about C3-C4 bond 


The following is a wedge-and-dash structure for the anti-gauche conformation of pentane. Notice that C1 and C4 are 


anti to each other (when looking down the C2-C3 bond), while C2 and C5 are gauche to each other (when looking 
down the C3-C4 bond). 


anti-gauche conformation anti conformation 


gauche conformation 
L about C2-C3 bond 


about C3-C4 bond 


(b) The following conformer of 3-heptyne is analogous to the anti-anti conformer of pentane. Notice that C1 and C6 


are anti to each other (when looking down the alkyne group), while C4 and C7 are also anti to each other (when 
looking down the C5-C6 bond). 


(c) In each of the lowest energy conformations of 3-heptyne, C1 and C6 are eclipsing each other (when looking down 


the alkyne group), as shown below. Note that the wedge-and-dash structure below is one of the two low-energy 
conformations, where C4 and C7 are anti: 


H H H 
observer 


= 4 
. E 1,5, CH3 
«d —— GU m ft 
5 "7H H 
H Hú H 
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(d) The difference between the two lowest energy conformations of 3-heptyne can be seen when looking down the C5- 
C6 bond. In one conformation, C4 and C7 are anti to each other, as shown below. 


a 


Q 

Q 

9 

= 

2 

Il 
x= I 
Ù ; 

m 

rc T 


this bond 


7 CH; 


( R= x) 


In the other conformation, C4 and C7 are gauche, as shown here: 


7 
Look down CENA 5 fan H ne H $ CH, 
" = 6 = 
this bond H z H , " 


R- i-esc-onon) 


9.85. 
(a) The following are the two possible vinyl cations (A and B) that can be produced when phenyl-substituted 
acetylenes (1a-d) are treated with HCI: 


cl 
/. 
T 
Ho 
// 
ec 
/ 
R A 
Cl 
N 
UC 
N H o 
R-C=C ——- c=c 
R 
B 


The empty 2p orbital (of the C+ atom) in cation A cannot be stabilized via resonance interaction with the aromatic ring, 
so we expect this cation to be highly unstable (as is the case for most vinyl carbocations). In contrast, the empty p- 
orbital of cation B (a benzylic carbocation) can overlap effectively with the x system of the aromatic ring: 
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Since cation B is resonance-stabilized, it is much more stable than a typical vinyl carbocation. That is, cation B is more 
stable than cation A, explaining the regioselectivity observed in this series of hydrohalogenation reactions. This 
explains why Cl is installed at the benzylic position (the position next to the aromatic ring), because that is the location 
of the positive charge in the most stable carbocation. 


(b) The stereoselectivity can be explained by considering the steric effects involved in the two competing transition 


states: 
r ò 
' Pas Q 08 E AS 
V9 “Cl: Mor \ 
C=C—Ph ———> c=C~ es NEQOE 
/ /. s+ Ph rN 
R R R Ph 
2 E product 
| $ 
H H Ph 
v9 \ $* bh \ / 
C—C—Ph —.— > C=C —- C=C 
/ “Cl: ™ ` , ON 
R -O | R y R CI 
:CR 
* ô- Z product 
3 


Attack of chloride on the vinyl carbocation via transition state 2 gives the E isomer, while transition state 3 results in 
the Z isomer. Transition state 3 involves a steric interaction between the alkyl group and the chloro group. For a small 
R group (such as R = Me), the preference for the E isomer is relatively small (70:30). As the size of the R group 
increases, there is increasing steric strain in transition state 3, and the preference for the E isomer is enhanced. When R 
is the bulky t-butyl group, the E isomer is the exclusive product, via the lower energy transition state 2. 


Chapter 10 
Radical Reactions 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 10. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e Radical mechanisms utilize fishhook arrows, each of which represents the flow of 


e Every step in a radical mechanism can be classified as initiation, , or termination. 
e A radical initiator is a compound with a weak bond that readily undergoes 


e A , also called a radical scavenger, is a compound that prevents a chain 


process from either getting started or continuing. 
. is more selective than chlorination. 


e When anew chiral center is created during a radical halogenation process, a 
mixture is obtained. 


° can undergo allylic bromination, in which bromination occurs at the allylic 
position. 

e Organic compounds undergo oxidation in the presence of atmospheric oxygen to produce 
hydroperoxides. This process, called , is believed to proceed via a 

mechanism. 
e Antioxidants, such as BHT and BHA, are used as food preservatives to prevent autooxidation of 
oils. 
e When vinyl chloride is polymerized, is obtained. 
e Radical halogenation provides a method for introducing into an alkane. 
Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 10. The answers appear in the section entitled SkillBuilder Review. 


10.1 Drawing Resonance Structures of Radicals 


Draw a resonance structure of the radical below, as well as the 
fishhook arrows that show its formation: 


OÒ — 


10.2 Identifying the Weakest C—H Bond in a Compound 


Identify the weakest C-H bond in the following compound: 


epe 
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10.3 Identifying a Radical Pattern and Drawing Fishhook Arrows 
Draw the fishhook arrows for each of the six patterns shown below: 
Homolytic Addition Hydrogen Halogen E , 
Cleavage to a z Bond Abstraction Abstraction Elimination Coupling 
x’ X 
X—X = X' H-R R? X-X \— x’ X 
X X 
x’ ^X No X—H R R-X X — X—X 
e. » V V ") 
10.4 Drawing a Mechanism for Radical Halogenation 
INITIATION PROPAGATION TERMINATION 
Draw fishhook arrows | Draw fishhook arrows for the propagation steps below: Draw fishhook arrows for the termination 
for the initiation step step below: 
below: HYDROGEN ABSTRACTION 
i i 
X—X: [R-Ç—H "X — g-€ HX: R R 
R k R-C' ae ata 
| ne R R 
R HALOGEN ABSTRACTION R 
A zi | T" ]- 2 Ms 
AX X R-C' :X— X: = R-c—X "X 
R R 


10.5 Predicting the Selectivity of Radical Bromination 


Draw the expected major product of the following monobromination reaction: 


Es = 
Br; 


10.6 Predicting the Stereochemical Outcome of Radical Bromination 


Draw the expected products of the following reaction: 


n 


Br; 


10.7 Predicting the Products of Allylic Bromination 


Draw the expected products of the following reaction: 


hv 
———————————— 
NBS 


10.8 Predicting the Products for Radical Addition of HBr 


Draw the expected products of the following reaction: 


HBr 
ROOR 
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Review of Reactions 

Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 10. The answers appear in the section 
entitled Review of Reactions: Synthetically Useful Radical Reactions. 


yb, dee ME 
=- — Y 
=- — >> 


Review of Mechanisms 

Complete each of the following mechanisms by drawing the missing curved arrows. To verify that your 
curved arrows are drawn correctly, compare them to the curved arrows in the mechanism boxes for 
Mechanisms 10.1 — 10.4, which can be found throughout Chapter 10 of your text. 


Mechanism 10.1 Radical Chlorination 


Initiation 


hv 


Iei = gih igi 


Mechanism 10.2 Autooxidation 


Initiation 


“Initiator 
R—H —- 


Propagation 


R^ 4 0-0 » R-O-O° 


Termination 


R^" + ^R ———- R-R 


Mechanism 10.3 Radical Addition of HBr to an Alkene 


Initiation 


Termination 


Br cB BB 
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Mechanism 10.4 Radical Polymerization 


Initiation 


dosi heat T a 
RO-OR — æ> RO: ‘OR 


Roo ZA — ROL. 


Propagation 


RO. ^ z ROW A cud we RO. ANN’ 


\ 


Polymer <— a «___ 


Termination 


Common Mistakes to Avoid 

When drawing a mechanism for a radical process, make sure that all curved arrows are single-barbed 
(called fishhook arrows), rather than double-barbed. For example, look closely at the head of each of the 
following fishhook arrows: 


Each of these single-barbed arrows indicates the motion of one electron, while double-barbed arrows 
indicate the motion of two electrons. All of the mechanisms presented in this chapter utilize single-barbed 
arrows. Make sure to draw them properly. 


Useful Reagents 
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Reagents Name of Reaction Description of Reaction 
Under these conditions, an alkane undergoes 
Bro, hv Radical bromination | bromination, with installation of Br (replacing a 
hydrogen atom) at the most substituted position. 
Under these conditions, an alkane undergoes 
chlorination. This reaction is less selective than 
ce Radical chlorination bromination (but faster), and as such, it is generally 
most useful in situations where monochlorination results 
in only one regiochemical outcome (such as chlorination 
of cyclohexane or chlorination of 2,2-dimethylpropane). 
When treated with HBr in the presence of peroxides, an 
HBr, ROOR Hydrobromination | alkene undergoes anti-Markovnikov addition of H and 
Br. 
NBS, or N-bromosuccinimide, is a reagent that can be 
NBS, Av Allylic bromination | used to install a bromine atom at the allylic position of 
an alkene. 
Solutions 
10.1. 
(a) The tertiary radical is the most stable, because alkyl N 
groups stabilize the unpaired electron via a DA — O- 
delocalization effect, called hyperconjugation. The 


primary radical is the least stable, because it lacks the 
stabilizing effect provided by multiple alkyl groups. 


Increasing Stability 


dd 


secondary 


d 


primary 


tertiary 


(b) The tertiary radical is the most stable, because alkyl 
groups stabilize the unpaired electron via a 
delocalization effect, called hyperconjugation. The 
primary radical is the least stable, because it lacks the 
stabilizing effect provided by multiple alkyl groups. 


Increasing Stability 


> 
primary secondary tertiary 
10.2. 


(a) The unpaired electron occupies an allylic position, so 
it is resonance-stabilized. Three fishhook arrows are 
required, as shown: 


(b) The unpaired electron occupies an allylic position, 
so it is resonance-stabilized. Three fishhook arrows are 
required, as shown below. The resulting resonance 
structure exhibits an unpaired electron that is allylic to 
another x bond, so again we draw three fishhook arrows 
to arrive at a third resonance structure: 


N 


PCA 


(c) The unpaired electron occupies an allylic position, so 
it is resonance-stabilized. Three fishhook arrows are 
required, as shown below. The resulting resonance 
structure exhibits an unpaired electron that is allylic to 
another x bond, so again we draw three fishhook arrows 
to arrive at a third resonance structure: 
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S- Ce- Qh 


(d) The unpaired electron occupies an allylic position, 
so it is resonance-stabilized. Three fishhook arrows are 
required, as shown: 


‘oe 


Note that the other x bond does not participate in 
resonance, because the unpaired electron is not allylic to 
that t bond. 


10.3. The following hydrogen atom (highlighted) is 
connected to an allylic position, and its removal will 
generate a resonance-stabilized radical: 


H | CH3 CH3 


G Hydrogen abstraction 
_— 


(resonance-stabilized) 


To draw the resonance structures for this radical, we 
begin by drawing three fishhook arrows. The resulting 
resonance structure also exhibits an unpaired electron 
that is allylic to a x bond, so again we draw three 
fishhook arrows as well as the resulting resonance 
structure. This process continues until we have drawn all 
five resonance structures, shown here: 


e 
e 


10.4. This radical is unusually stable, because it has a large number of resonance structures, so the unpaired electron 
is highly delocalized. As shown below, three fishhook arrows are required in order to draw each resonance structure: 


10.5. 

(a) We consider each of the C—H bonds in the 
compound, and in each case, we imagine the radical that 
would result from homolytic cleavage of that C—H bond. 
Among all the C—H bonds, only one of them can 
undergo homolytic cleavage to generate a resonance- 
stabilized radical. Specifically, removal of the 
highlighted hydrogen atom will result in an allylic 
radical. And therefore, this C—H bond is the weakest 
C—H bond in the compound: 


m Hydrogen 


abstraction 


(resonance-stabilized) 


(b) We consider each of the C—H bonds in the 
compound, and in each case, we imagine the radical that 
would result from homolytic cleavage of that C—H bond. 
There are only two different kinds of C—H bonds that 
can undergo homolytic cleavage to generate a resonance- 
stabilized radical. Specifically, removing either of the 
highlighted hydrogen atoms will result in a resonance- 
stabilized intermediate (with three resonance structures): 


H 


H 
H 


These two locations represent the two weakest C—H 
bonds in the compound. Between the two of them, the 
weaker C—H bond is the one that gives a tertiary allylic 
radical upon removal of the hydrogen atom (rather than a 


secondary allylic radical): 
tertiary allylic 


secondary allylic 


A tertiary allylic radical is more stable than a secondary 
allylic radical, so the following C—H bond is the weakest 
C—H bond in the compound: 
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(c) We consider each of the C—H bonds in the 
compound, and in each case, we imagine the radical that 
would result from homolytic cleavage of that C—H bond. 
Among all the different types of C—H bonds, only one 
location can undergo homolytic cleavage to generate a 
resonance-stabilized radical. Specifically, removal of the 
highlighted hydrogen atom will result in an allylic 
radical. And therefore, this C—H bond is the weakest 
C—H bond in the compound: 


Hydrogen 
abstraction 


(resonance-stabilized) 


(d) We consider each of the C—H bonds in the 
compound, and in each case, we imagine the radical that 
would result from homolytic cleavage of that C—H bond. 
There are only two different kinds of C—H bonds that 
can undergo homolytic cleavage to generate a resonance- 
stabilized radical. Specifically, removing either of the 
highlighted hydrogen atoms will result in a resonance- 
stabilized intermediate (with two resonance structures): 


H 
AS 
These two locations represent the two weakest C—H 
bonds in the compound. Between the two of them, the 


weaker C—H bond is the one that gives a tertiary allylic 
radical (rather than a primary allylic radical) upon 


removal of the hydrogen atom: 
primary allylic 


tertiary allylic 


Therefore, the following C—H bond is the weakest C—H 
bond in the compound: 


MA 
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10.6. We begin by drawing the resonance structures of the radical that is formed when Ha is abstracted, as well as the 


resonance structures of the radical that is formed when Hb is abstracted: 
: ^ 
URN EN m 
v er ' 
Hydrogen 
Hp Abstraction ^ = 
/ON (CN. Ce? = Em — 
U - ' 


Compare the resonance structures in each case. Specifically, look at the middle resonance structure in each case. 
When Hb is abstracted, the middle resonance structure is tertiary, and the effect of the methyl group is to stabilize the 


radical. This stabilizing factor is not present when Ha is abstracted. Therefore, we expect the C—Hb bond to be slightly 
weaker than the C—Ha bond. 


Hydrogen 
Abstraction 


ANST 


10.7. Imagine homolytically breaking each different type of C—H bond in the compound and then evaluate the stability 
of the resulting radical. There are ten locations to consider. Starting with the methyl group at the top, and proceeding 
methodically clockwise around the structure, gives the following analysis: 


-x| $ v9 


Allylic Cannot form radical here Vinylic Allylic 
Primary and Secondary (No C-H bond) Secondary and Tertiary 
E Allylic Cannot form radical here Vinylic Allylic 
Tertiary and Primary (No C-H bond) Primary and Primary 
=> 
Seconday Allylic 


Secondary and Secondary 


Two positions have no H atoms attached and therefore cannot react. Loss of a hydrogen atom at each of the remaining 
eight positions yields the eight radicals as shown. Two are vinylic, one is secondary and five are allylic. Each of the 
allylic radicals has two resonance forms and we must consider those forms when evaluating their relative stability. It 
appears that the most stable allylic radical has the unpaired electron delocalized over a secondary and a tertiary 
position, while the other allylic radicals are less substituted. Based on this, we conclude that the following C—H bonds 
are the weakest, since removal of a hydrogen atom from this location yields the most stable radical. 
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Weakest C-H Bonds 


10.8. 

(a) This step is a hydrogen abstraction, which requires a total of three fishhook arrows. In order to place the fishhook 
arrows properly, we must identify any bonds being formed (C-H) and any bonds being broken (H—Br). Formation of 
the C-H bond is shown with two fishhook arrows: one coming from the carbon radical and the other coming from the 
H-Br bond. The latter, together with the third fishhook arrow, shows the breaking of the H-Br bond: 


Hydrogen H 
e uM abstraction " : Br: 


(b) This step is addition to a x bond, which requires a total of three fishhook arrows. In order to place the fishhook 
arrows properly, we must identify any bonds being formed (C-Br) and any bonds being broken (C—C m bond). 
Formation of the C-Br bond is shown with two fishhook arrows: one coming from the bromine radical and the other 
coming from the x bond. The latter, together with the third fishhook arrow, shows the breaking of the C=C n bond: 


Addition 
= Aa Br: to a pi bond CX 
N s 
. 


(c) This step is a coupling process, which requires a total of two fishhook arrows, showing formation of a bond (in this 
case, a C-C bond is formed): 


p ESN im Coupling a dn 


(d) This step is a hydrogen abstraction, which requires a total of three fishhook arrows. In order to place the fishhook 
arrows properly, we must identify any bonds being formed (H—Br) and any bonds being broken (C-H). Formation of 
the H-Br bond is shown with two fishhook arrows: one coming from the bromine radical and the other coming from 
the C-H bond. The latter, together with the third fishhook arrow, shows the breaking of the C-H bond: 


H 
sd UN Hydrogen ^ 
: Br: abstraction Q ET 


(e) This step is an elimination, which requires a total of three fishhook arrows. In order to place the fishhook arrows 
properly, we must identify any bonds being formed (a C=C x bond) and any bonds being broken (C-C). Formation of 
the C=C r bond is shown with two fishhook arrows: one coming from the carbon radical and the other coming from 
the neighboring C-C bond. The latter, together with the third fishhook arrow, shows the breaking of the C-C bond: 


: Elimination : 
AOS, — ~~” + ÆN 
(f) This step is a homolytic bond cleavage, which requires a total of two fishhook arrows, showing breaking of a bond 
(in this case, an O-O bond is broken): 
Homolytic 


Ọ Q bond cleavage Jk 
R x \ R a 2 
Mace T 


R O° 
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10.9. In this intramolecular process, a radical is reacting 
with a x bond. One x bond is broken and one o bond is 
formed in this step — these bonds are highlighted below: 


33 
P* 


OEt EtO 


n bond broken c bond formed 


This step is an example of addition to a x bond, which 
requires three fishhook arrows. Two of these arrows 
show formation of the new o bond, and the other arrow 
shows where the unpaired electron will be located in 
intermediate 3. 


(0) 


10.10. 

(a) The mechanism will have three distinct stages. The 
first stage is initiation, in which the CI-CI bond is broken 
to generate chlorine radicals. This step requires two 
fishhook arrows, as shown. There are two propagation 
steps (hydrogen abstraction and halogen abstraction), 
each of which requires three fishhook arrows (to show 
the bonds being broken and formed). Finally, there are 
many steps that can serve as termination steps, because 
there are many radicals that can couple together under 
these conditions. Shown here is a termination step that 
generates the desired product, but it is still considered to 
be a termination step because this step reduces the 
number of radicals present in the reaction flask (two 
radicals are destroyed, without generating new radicals): 


Initiation 
Homolytic cleavage 


m m hv 
:a La RO Xe Cl Cl 
Propagation 
Hydrogen 
i f^ .. abstraction l " 
ue "EX NIA H—Cl: 
Cl Cl 
Halogen 
Cl abstraction Cl 
| oe NN de 
ae Canty: ——~ H—C—CI Cl 
Cl Cl 
Termination 
AF E Coupling y 
H—-C' C: ——- UNE 
Cl Cl 


(b) The mechanism will have three distinct stages. The 
first stage is initiation, in which the CI-Cl bond is broken 
to generate chlorine radicals. This step requires two 
fishhook arrows, as shown. There are two propagation 
steps (hydrogen abstraction and halogen abstraction), 
each of which requires three fishhook arrows (to show 
the bonds being broken and formed). Finally, there are 
many steps that can serve as termination steps, because 
there are many radicals that can couple together under 
these conditions. Shown here is a termination step that 
generates the desired product, but it is still considered to 
be a termination step because this step reduces the 
number of radicals present in the reaction flask (two 
radicals are destroyed, without generating new radicals): 


Initiation 
Homolytic cleavage 
Cee sue. ne Cl 
Propagation 
Hydrogen 
f^ .. abstraction > 
cid" “Cl: ——* C—C: H—CI: 
CI CI 
Halogen 
CI abstraction CI 
ae r i —- a—c—ċi: à 
Cl Cl 
Termination 
AA - Coupling e E 
CI—C* OE ———X CI—C—C: 


| 
Cl Cl 


(c) The mechanism will have three distinct stages. The 
first stage is initiation, in which the CI-Cl bond is broken 
to generate chlorine radicals. This step requires two 
fishhook arrows, as shown. There are two propagation 
steps (hydrogen abstraction and halogen abstraction), 
each of which requires three fishhook arrows (to show 
the bonds being broken and formed). Finally, there are 
many steps that can serve as termination steps, because 
there are many radicals that can couple together under 
these conditions. Shown below is a termination step that 
generates the desired product, but it is still considered to 
be a termination step because this step reduces the 
number of radicals present in the reaction flask (two 
radicals are destroyed, without generating new radicals): 


Initiation 


Homolytic cleavage 


Propagation 


CNN 


Hydrogen 
i —__ H 


Hac =c A Hye" H—Cl: 
h H 
Halogen 
H abstraction H 
| ed 2. 
nece" gs: — D m mu “Cl: 
H H 
Termination 
i H 
aa Coupling | ds 
HC — Ç — Se ae 
H H 


(d) The mechanism will have three distinct stages. The 
first stage is initiation, in which the CI-Cl bond is broken 
to generate chlorine radicals. This step requires two 
fishhook arrows, as shown. There are two propagation 
steps (hydrogen abstraction and halogen abstraction), 
each of which requires three fishhook arrows (to show 
the bonds being broken and formed). Finally, there are 
many steps that can serve as termination steps, because 
there are many radicals that can couple together under 
these conditions. Shown below is a termination step that 
actually generates the desired product, but it is still 
considered to be a termination step because this step 
reduces the number of radicals present in the reaction 
flask (two radicals are destroyed, without generating new 
radicals): 
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Initiation 
Homolytic cleavage 


cici Cl Cl 
Propagation 
Hydrogen H 
bstraction 
£N | bs 
Cl3C— G Cl: S SURE H—CI: 
h H 
Halogen 


abstraction 
£C Me 


Chc—C OO: —> CkO—C—Cl: ‘ÈI: 
H H 
Er p Vet SETS ae er eae 
LAWN. Coupling H , 
CCC — —7 e&c-6—8: 
H H 


(e) The mechanism will have three distinct stages. The 
first stage is initiation, in which the CI-Cl bond is broken 
to generate chlorine radicals. This step requires two 
fishhook arrows, as shown. There are two propagation 
steps (hydrogen abstraction and halogen abstraction), 
each of which requires three fishhook arrows (to show 
the bonds being broken and formed). Finally, there are 
many steps that can serve as termination steps, because 
there are many radicals that can couple together under 
these conditions. Shown here is a termination step that 
actually generates the desired product, but it is still 
considered to be a termination step because this step 
reduces the number of radicals present in the reaction 
flask (two radicals are destroyed, without generating new 
radicals): 


Initiation 
Homolytic cleavage 
es Tm hv 
eta $X———H 0l CI 


Propagation 
Hydrogen 


q WWM" abstraction vier H i 
d E ME, NET OE ——- H;C— ir H—CI: 
CI H ei H 
Halogen 
abstraction s H 


HxC—C—C! :¢l-cl: — HC — ¢- ¢— cle cel: 


CI H i h 
Termination 
CI H Couplin G H 
[ly oe 
eee “Cl: = HC c c Cl: 


Cl H cH 
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10.11. 

(a) The mechanism for radical bromination of methane 
will have three distinct stages. The first stage is 
initiation, which creates bromine radicals. This initiation 
step involves homolytic bond cleavage (using Br» and 
either heat or light) and should employ two fishhook 
arrows. 


s " h 
go — 


The next stage involves propagation steps. There are two 
propagation steps: hydrogen abstraction to remove a 
hydrogen atom, followed by halogen abstraction to 
attach a bromine atom. Each of these steps should have 
three fishhook arrows. These two steps together 
represent the core reaction. They show how the product 
is formed. 


H H 
| ae | m 
H ds" ‘BE —— H-Q + HBr 
H H 
at ere j 
H—C! Bror = - ae 
H H 


There are a number of possible termination steps to end 
the process. When drawing a mechanism for a radical 
reaction it is generally not necessary to draw all possible 
termination steps unless specifically asked to do so. It is 
sufficient to draw one termination step. Shown here is 
one termination step that also happens to produce the 
desired product. 


H H 
ly | 
HC! dh — a 
H H 


(b) During the bromination of methane, methyl radicals 
are produced. If two of these methyl radicals combine in 
a termination step, ethane is produced: 


Initiation 


TAB pr: us 


Propagation 


H H 
a" e -e 


' n zu Br—H 
H H 

Termination 
H H H H 
| (ME | I l 

m d qc TuS ep 
H H H H 


10.12. 
(a) The tertiary position is expected to undergo selective 
bromination, giving the following alkyl bromide: 


XX 


(b) The tertiary position is expected to undergo selective 
bromination, giving the following alkyl bromide: 


P 


(c) The tertiary position is expected to undergo selective 
bromination, giving the following alkyl bromide: 


Br 


10.13. The tertiary allylic position is expected to 
undergo selective bromination, giving the following 
monobrominated compound as the major product: 


Major 


Bromination at the benzylic position is also favorable 
because it proceeds via a resonance-stabilized, benzylic 
radical intermediate. The dibrominated minor product 
thus has a second bromine atom attached at the benzylic 
position: 


Br 
OCH; O oN 
Minor 


10.14. 

(a) The starting compound contains only one tertiary 
position, so bromination occurs at this position. The 
product does not contain a chiral center: 


Br 


no chiral center 


(b) The starting compound contains only one tertiary 
position, so bromination occurs at this position. This 
position is an existing chiral center, so we expect loss of 
configuration to produce both possible enantiomers: 


mv" 
= 
we 


(c) The starting compound contains only one tertiary 
position, so bromination occurs at this position. This 
position is an existing chiral center, so we expect loss of 
configuration to produce both possible enantiomers: 


Br. 


` 
S 


Br 


(d) The starting compound contains only one tertiary 
position, so bromination occurs at this position. This 
position is an existing chiral center, so we expect loss of 
configuration to produce both possible stereoisomers: 


+ 


Notice that the other chiral center was unaffected by the 
reaction. The products are diastereomers. 


10.15. The position undergoing halogenation is an 
existing chiral center, so we expect loss of configuration 
to produce both possible stereoisomers: 


OAc OAc 


AcO COjMe AcO Br 
OAc OAc 
Br CO;Me 


Notice that the other chiral centers are unaffected by the 
reaction. The products are diastereomers (rather than 
enantiomers), so they are not expected to be formed in 
equal amounts. 


10.16. 
(a) We begin by identifying allylic positions. There are 
four: 
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allylic positions 


But two of these positions (the top two positions in the 
structure above) lack hydrogen atoms. So those 
positions cannot undergo radical bromination (a C-H 
bond is necessary because a key step in the mechanism is 
a hydrogen abstraction step). The remaining two allylic 
positions are identical (the molecule has a plane of 
symmetry that renders these two positions identical): 


NEA 


identical 


So, we only need to consider allylic bromination 
occurring at one of these positions. To do that, we 
remove a hydrogen atom from the allylic position and 
draw the resonance structures of the resulting allylic 
radical: 


om cR 


Finally, we use these resonance structures to determine 
the products, by placing a bromine atom at the position 
of the unpaired electron in each resonance structure: 


(b) We begin by identifying the allylic positions. There 
are two: 


allylic 
positions 


But one of these positions (the top position in the 
structure above) lacks a hydrogen atom. So this position 
cannot undergo radical bromination (a C-H bond is 
necessary because a key step in the mechanism is a 
hydrogen abstraction step). So, we only need to consider 
allylic bromination occurring at one position. To do that, 
we remove a hydrogen atom from the allylic position and 
draw the resonance structures of the resulting allylic 
radical: 
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Ao coy 


Finally, we use these resonance structures to determine 
the products, by placing a bromine atom at the position 
of the unpaired electron in each resonance structure. In 
this case, our methodical approach has produced two 
structures that are identical compounds, so this reaction 
has only one product: 


(c) We begin by identifying allylic positions. There are 
two: 


BS 


allylic positions 


But these two positions are identical (due to molecular 
symmetry) So, we only need to consider allylic 
bromination occurring at one of these positions. To do 
that, we remove a hydrogen atom from the allylic 
position and draw the resonance structures of the 
resulting allylic radical: 


10.17. 


Finally, we use these resonance structures to determine 
the products, by placing a bromine atom at the position 
of the unpaired electron in each resonance structure: 


Br 
BEN Oo 
Br 


(d) We begin by identifying allylic positions. There is 
only one in this case: 


A 


allylic position 


Next, we remove a hydrogen atom from the allylic 
position and draw the resonance structures of the 
resulting allylic radical: 


PME 


Finally, we use these resonance structures to determine 
the products, by placing a bromine atom at the position 
of the unpaired electron in each resonance structure: 


UE + Coe 
Br 


We begin by drawing the starting compound (2-methyl-2-butene) and identifying the allylic positions 


(highlighted below). Each of these three positions can undergo hydrogen abstraction to give a resonance-stabilized 
radical, shown below. The resulting products are also shown. Notice that there are a total of five products, labeled 1 — 
5. Notice that compound 4 is the only product that exhibits a chiral center. As such, a racemic mixture of compound 4 


is expected. 


Hydrogen 
abstraction 


| / Hydrogen 


2-methyl-2-butene 


i ` . Br 
abstraction __/ j /| abstraction Da \ 
— => : ——— — + 
Br 
3 4 


Br 
Halogen ) y, 
abstraction m PA 
> + 
Br 
1 2 


Halogen 


(racemic mixture) 


Halogen 


Hydrogen 
abstraction / / abstraction DA 
—/ <> ] ————— == 
: Br Br 
5 4 


(racemic mixture) 
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10.18. This compound has two allylic positions (highlighted below, A and B). Each allylic position has hydrogen 
atoms that can be abstracted, so we will need to consider products resulting from abstraction at each allylic position. 


A e 
B 


First, draw the resonance structures that result from abstracting a hydrogen atom from position A (in the first 


propagation step). 
l COÆt COÆt 
Or Cy 
Ü : 


Then, halogen abstraction (in the second propagation step) can occur from either resonance structure, resulting in two 


possible regiochemical outcomes: 
CO>Et CO;Et 
RJ cep 
Br CO>Et i ACOSEt 
t 
Br 


Now consider the stereochemical outcome in each of these cases. As described in Section 10.6, the bromine atom can 
be installed on either face (front or back) of the radical. This results in the formation of four products, as two pairs of 


diastereomers, as shown: 
Br CO;Et Br CO;Et Br, COzEt 
Diastereomers 


COsEt COsEt 9 
+ 


Br Br 


Uy 


r 


Diastereomers 


Now let's start over again, and abstract a hydrogen atom from the other allylic position (in the first propagation step): 


The resulting allylic radical is resonance-stabilized, so we draw both resonance structures. Once again, halogen 
abstraction (in the second propagation step) can occur from either resonance structure, resulting in two additional 
regiochemical outcomes: 
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And once again, the bromine atom can be installed on either face (front or back) of the radical. This gives four 
additional bromination products, as two pairs of diastereomers: 


COSEt COSEt COSEt 
Br “Br 


Br 


Diastereomers 


CO5Et COsEt CO>zEt 
X e Wins ji C 
Br Br Br 


Diastereomers 


In summary, there are four possible products that result from hydrogen abstraction at position A and four possible 
products that result from hydrogen abstraction at position B. This gives a total of eight products, which represent four 
pairs of diastereomers. Notice that in all eight isomers, the stereochemistry of the chiral carbon atom bonded to the 
ester remains unchanged, as no bonds to this atom change during the course of the reaction 


me, Br», COSEt COSEt COSEt 
Mex ee 
Br "Br 


d" er CO;Ft CO;Ft 
Tn i € 
(T Br Br" 
Br 
Bromination at position A Bromination at position B 
10.19. As seen in Section 10.8, destruction of ozone in First propagation step 
the atmosphere occurs via the following two propagation Ro 0 — R-O: 4 O; 


steps (where Re represents a radical, such as Cle, that is 


responsible for destroying ozone): Second propagation step 


R-O + ‘O° —- 0 + R 


If we redraw these propagation steps with nitric oxide 
serving as the radical that destroys ozone, we get the 
following: 


First propagation step 


O=N + Ù — > O-N-O: + Os 


Second propagation step 
Ə=N-ö + "O° ——- + O=N 
Note that this is a chain process because the NO radical 
is regenerated in step 2. Since the NO radical is not used 
up in the overall process, it can continue reacting with 

more ozone. 


10.20. Radicals will react with BHT and BHA because 
each of these compounds has a hydrogen atom that can 
be readily abstracted, thereby generating a resonance- 
stabilized radical. In each case, the phenolic hydrogen 
atom is abstracted (the hydrogen atom of the OH group 
connected to the aromatic ring). Similarly, vitamin E 
also exhibits a phenolic hydrogen atom. Abstraction of 
this hydrogen atom (highlighted below) gives a 
resonance-stabilized radical. 


Vitamin E 


10.21. 

(a) The reagent (HBr) indicates that H and Br are added 
across the x bond. In the presence of peroxides (ROOR), 
we expect an anti-Markovnikov addition. That is, the 
bromine atom is installed at the less substituted position. 
In this case, one new chiral center is created, which 
results in a racemic mixture of the two possible 
enantiomers. 


HBr 
ROOR 


Br + 


(b) The reagent (HBr) indicates that H and Br are added 
across the x bond. In the presence of peroxides (ROOR), 
we expect an anti-Markovnikov addition. That is, the 
bromine atom is installed at the less substituted position. 
In this case, no new chiral centers are formed: 


HBr Br 
———- 


ROOR 


(no chiral centers) 
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(c) The reagent (HBr) indicates that H and Br are added 
across the x bond. In the presence of peroxides (ROOR), 
we expect an anti-Markovnikov addition. That is, the 
bromine atom is installed at the less substituted position. 
In this case, one new chiral center is created, which 
results in a racemic mixture of the two possible 


enantiomers. 
HBr s 
————- n / 
ROOR Ø 
Br Br * 
(d) The reagent (HBr) indicates that H and Br are added 
across the x bond. In the presence of peroxides (ROOR), 
we expect an anti-Markovnikov addition. That is, the 
bromine atom is installed at the less substituted position. 
In this case, one new chiral center is created, which 


results in a racemic mixture of the two possible 
enantiomers. 


(e) The reagent (HBr) indicates that H and Br are added 
across the x bond. In the presence of peroxides (ROOR), 
we expect an anti-Markovnikov addition. That is, the 
bromine atom is installed at the less substituted position. 
In this case, no new chiral centers are formed: 


HBr 
————- 
ROOR Br’ 


(no chiral centers) 
(f) The reagent (HBr) indicates that H and Br are added 
across the x bond. In the presence of peroxides (ROOR), 
we expect an anti-Markovnikov addition, although that is 
irrelevant in this case, because the alkene is symmetrical. 


No new chiral centers are formed: 
HBr 
-H Br 
ROOR 


(no chiral centers} 


10.22. The use of HBr indicates the addition of H and Br 
across the m bond. The problem statement indicates a 
radical process (caused by the use of light, rather than 
ROOR, in this case), so we expect anti-Markovnikov 
addition of HBr across the x bond. That is, the bromine 
atom will be installed at the less substituted position. 
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less 
<——_ substituted 
O ba position 
N COOCHs 


O 


In this case, one new chiral center is created: 


new chiral center 


Since there was already one chiral center present, the 
products are diastereomers. Note that the other chiral 
center remains unchanged. 


N COOCH; N COOCH; 
+ 
[9] [9] 
Diastereomers 


10.23 

(a) The x bond in the target molecule can be formed by 
an elimination reaction, so the potential starting material 
can be an alkyl halide. The tertiary bromide is an ideal 
intermediate, because it can be prepared by radical 
halogenation of the given alkane starting material, as 
shown in the following retrosynthetic analysis: 


ghost MAY n 


Now let's draw the forward process. The transformation 
begins with a radical bromination, which installs a 
bromine atom selectively at the tertiary position. For the 
subsequent E2 elimination, tert-butoxide would be the 
appropriate choice of strong base to give the target 
molecule (to give the less-substituted Hofmann product). 


A AL 


hv 


1) Bro, hv 
2) t-BuOK 


(b) The x bond in the target molecule can be formed by 
an elimination reaction, so the potential starting material 
can be an alkyl halide. The tertiary bromide is an ideal 
intermediate, because it can be prepared by radical 
halogenation of the given alkane starting material, as 
shown in the following retrosynthetic analysis: 


gon A T 


Now let’s draw the forward process. The transformation 
begins with a radical bromination, which installs a 
bromine atom selectively at the tertiary position. For the 
subsequent E2 elimination, the more-substituted Zaitsev 
product is desired, so we must a use a strong base that is 
not sterically hindered, such as hydroxide, methoxide or 


ethoxide: 
2) NaOMe ENS 
Bro, Br NaOMe 
hv 


(c) Our retrosynthesis begins with a disconnection at the 
thiol group, more specifically at the C-S bond. The more 
electronegative and larger sulfur atom is more likely to 
have served as the nucleophile, so we draw a negative 
charge on the sulfur atom to give a suitable nucleophile 
(the hydrosulfide ion) The carbon atom (at the 
disconnected bond) must have started out as an 
electrophile, so we draw a leaving group at that position. 
We will select Cl or Br as the leaving group, because 
either of these halogens can be installed onto the starting 
alkane via radical halogenation of the given alkane 
starting material: 


SH ot Br 
— + OH 


Electrophile Nucleophile 


| 
2 


Now let’s draw the forward process. The transformation 
begins with a radical bromination (or chlorination), 
which installs a bromine atom (or chlorine atom) at any 
of the equivalent cyclopentane carbon atoms. For the 
subsequent substitution reaction, the large hydrosulfide 
anion is a strong nucleophile but not a strong base, so the 
Sn2 pathway does not have any significant competition 
from the E2 pathway. With a secondary substrate, we 
expect an Sn2 process to proceed smoothly to give the 
desired target molecule. 


1) Bro, hv 


SH 
2) NaSH 
Brz, Br  NaSH 
hv 


(d) The retrosynthetic analysis of the target molecule 
asks, “What starting material can be used in order to 
make a cis-1,2-diol?" The two OH groups in the target 
molecule can be produced from an alkene: 


OH 
= Ó 


This alkene can be produced from an alkyl halide that, in 
turn, can be prepared by radical halogenation of the 
starting alkane: 


Q—0r'Q0 


Now let's draw the forward process. First, radical 
chlorination or bromination can be performed, thereby 
installing a leaving group, which then allows for an E2 
process with a strong base to give an alkene. Any strong 
base can be used (there is only one regiochemical 
outcome, so a sterically hindered base is not required). It 
is acceptable to use hydroxide, methoxide or ethoxide for 
the E2 process. That being said, in this particular case, 
tert-butoxide will likely be more efficient, as it will 
suppress the competing Sn2 process (we would expect 
Sn2 to give a minor product if the base is not sterically 
hindered). Finally, syn-dihydroxylation is achieved by 
treatment with cold potassium permanganate: 
2) -BuOK 


3) KMnO4 
Id 
p (col) KMnO4 
VY Br (cold) 
10.24. 


(a) The unpaired electron occupies an allylic position, so 
it is resonance-stabilized. Three fishhook arrows are 
required, as shown: 


pee 


OH 


OH 


1) Bro, hv OH 
—————- 


t-BuOK 
———- 
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(b) The unpaired electron occupies an allylic position, so 
it is resonance-stabilized. Three fishhook arrows are 
required, as shown below. The resulting resonance 
structure exhibits an unpaired electron that is allylic to 
another x bond, so again we draw three fishhook arrows 
to arrive at a third resonance structure: 


erry 


(c) The unpaired electron occupies an allylic position, so 
it is resonance-stabilized. Three fishhook arrows are 
required, as shown below. The resulting resonance 
structure exhibits an unpaired electron that is allylic to 
another x bond, so again we draw three fishhook arrows 
to arrive at a third resonance structure: 


(uere 


(d) The unpaired electron is allylic to a x bond, so it is 
resonance-stabilized. Three fishhook arrows are 
required, as shown below. The resulting resonance 
structure also exhibits an unpaired electron that is allylic 
to a m bond, so again we draw three fishhook arrows as 
well as the resulting resonance structure. This process 
continues until a total of five resonance structures are 


drawn, shown here: 

| DARZ 

ere OF Ge 
U Ay 


yt 


Or— £r 


(e) The unpaired electron is allylic to a x bond, so it is 
resonance-stabilized. Three fishhook arrows are 
required, as shown below. The resulting resonance 
structure also exhibits an unpaired electron that is allylic 
to a x bond, so again we draw three fishhook arrows as 
well as the resulting resonance structure. This process 
continues until a total of five resonance structures are 
drawn, shown here: 
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Cy 
J UM“ 
di 
cee) 
U 
eo 


CHAPTER 10 


10.25. There are three different hydrogen atoms to 
consider, labeled Ha, Hb and He: 
Ha 
Hb Hb 
Hp Hp 
Hc Hc 


The weakest C-H bond is C-H», because abstraction of 
Hb generates a radical that is stabilized by resonance: 


Hydrogen 
SS EN ~— > 
resonance stabilized 


The strongest C-H bond is C—He, because abstraction of 
He generates an unstable vinyl radical: 


Hydrogen 
Q abstraction 2 
—- 
Hc vinyl radical 


(unstable) 


The C-Hà bond strength is expected to fall in the middle 
of these two extremes, because abstraction of Ha 
generates a secondary radical that is not stabilized by 
resonance. We therefore expect the C-H bonds of 
cyclopentene to exhibit the following order of increasing 
bond strength: 


Bond strength 
> 


C—Hp C—Ha C—He 


(weakest bond) (strongest bond} 


10.26. 

(a) We must first draw all structures with the molecular 
formula CsHi2. To do this, we employ a methodical 
approach that starts with a five-carbon chain, then 
considers all possible isomers with a four-carbon parent 
chain, and finally moves to a three-carbon parent (as 
seen in the solution to Problem 4.3). Such an approach 
gives the following three compounds: 


The middle compound above must be compound A, 
because monochlorination of the first compound above 
gives only three constitutionally isomeric alkyl chlorides 
(1-chloropentane, 2-chloropentane, or 3-chloropentane), 
while monochlorination of the last compound above 
gives only one regiochemical outcome. The middle 
compound is 2-methylbutane. 


(b) Among the possibilities that we explored in part (a), 
we found that compound A is 2-methylbutane. This 
compound undergoes monochlorination to produce four 
constitutionally isomeric alkyl chlorides, shown here: 


AL w 


Compound A 


(c) The tertiary position undergoes selective 
bromination, giving the following tertiary alkyl bromide: 


Cae 


10.27. The unpaired electron is allylic to a x bond, so it 
is resonance-stabilized. Three fishhook arrows are 
required, as shown below. The resulting resonance 
structure exhibits an unpaired electron that is allylic to 
another x bond, so again we draw three fishhook arrows 
to arrive at a third resonance structure. This pattern 
appears one more time, giving a fourth resonance 
structure. This radical is particularly stable, because it 
has many resonance structures, so the unpaired electron 
is highly delocalized. 


0 d o 
VG 
— > 
< 
o o 
=> Z 
> 


10.28. The benzylic hydrogen atom is the only 
hydrogen atom that can be abstracted to generate a 
resonance-stabilized radical. As such, the benzylic 
position is selectively brominated. The mechanism will 
have three distinct stages. The first stage is initiation, in 
which the N-Br bond (of NBS) is broken to generate a 
bromine radical. This step requires two fishhook arrows, 
as shown. There are two propagation steps (hydrogen 
abstraction and halogen abstraction), each of which 
requires three fishhook arrows (to show the bonds being 
broken and formed). The HBr produced in the first 
propagation step then reacts with NBS in an ionic 
reaction that produces Bro. This Br» can be used in the 
second propagation step. Finally, there are many steps 
that can serve as termination steps, because there are 
many radicals that can couple together under these 
conditions. Shown here is a termination step that 
generates the desired product: 


Initiation 
Oo Homolytic Oo 
cleavage 
a h A 
Ni —"— CX o‘ 
Ó Ó 


Propagation 


oY WA: 


Hydrogen 
abstraction 


Br: — 
x * HBr 
Halogen LN 
CUN abstraction Br: 
(JN —— 
ERE *oCBr 


Termination 


] Coupling Br: 
ore eea 


CHAPTER 10 389 


10.29. We must first draw all structures with the 
molecular formula CsHiz. To do this, we employ the 
same methodical approach that was used in the solution 
to Problem 10.26, giving the following three compounds: 


Monochlorination of the first compound above gives 
three constitutionally isomeric  chloroalkanes  (1- 
chloropentane, 2-chloropentane, or 3-chloropentane), 
while monochlorination of the second compound gives 
four constitutionally isomeric chloroalkanes, as detailed 
in the solution to problem 10.26. The last compound 
above (2,2-dimethylpropane) gives only one 
monochlorination product, since all four CH3 groups are 
equivalent: 


10.30. Selective bromination at the benzylic position 
generates a new chiral center. The intermediate benzylic 
radical is expected to be attacked from either face of the 
planar radical with equal likelihood, giving rise to a 
racemic mixture of enantiomers: 


ea 


r 
10.31. 


(a) Heating AIBN generates a radical that is resonance- 
stabilized (the unpaired electron is delocalized via 
resonance, which is a stabilizing effect): 


"nga 


heat 
AIBN A <= EM 
“Na ac “Sy 


resonance-stabilized 


In addition, the radical is also stable because it is tertiary. 
The methyl groups stabilize the unpaired electron via a 
delocalization effect, called hyperconjugation. 


(b) Loss of nitrogen gas would result in the formation of 
vinyl radicals, which are too unstable to form under 
normal conditions: 
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heat 
vinyl radical : 
(unstable) D Se 
10.32. 


(a) The central carbon atom is the only sp? hybridized 
carbon atom in the structure, so it is the only position 
that can readily undergo a hydrogen abstraction. 
Autooxidation at this location gives the following 
hydroperoxide: 


(c) Phenol acts as a radical scavenger (much like BHT 
and BHA), thereby preventing the chain process from 
continuing. 


H«—3 Abstraction of this hydrogen 
o^ atom generates a resonance- 
stabilized radical 


Ry Ra 
Phenol: R4 = Ro = R3=H 
BHT: R4 = Rə t-Bu, 
R2 R = Me 
(b) The central carbon atom is benzylic to three aromatic BHA: Ry 2 H 
rings. As such, that C-H bond is expected to be A i SN 
4 = t-Bu 


extremely weak. Hydrogen abstraction at this location 
generates a radical that is highly stabilized by resonance 
(see solution to Problem 10.4 for resonance structures): 
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10.33. A radical mechanism will have three distinct stages. The first stage is initiation, in which the N-Br bond (of 
NBS) is broken to generate a bromine radical. This step requires two fishhook arrows, as shown. The next stage is 
propagation. There are two propagation steps. The first is hydrogen abstraction, which requires three fishhook arrows 
and generates a resonance-stabilized radical. The HBr produced in the first propagation step then reacts with NBS in 
an ionic reaction that produces Br». This Br? can be used in the second propagation step. The second propagation step 
(halogen abstraction) also requires three fishhook arrows. Notice that this step can occur in either of two locations, as 
shown. The final stage is termination, and there are many steps that can serve as termination steps, because there are 
many radicals that can couple together under these conditions. Shown below are termination steps that generate the 
desired products: 


Initiation 
fe) Homolytic fe) 
cleavage 
s h " 
nes, — N) + CB 
oO oO 


Hydrogen 


abstraction) = o ore PE 
Halogen D 


Halogen 
abstraction | , 1? ec abstraction 
“Br: Br: 
Br 
» s> 
Termination 
di E Coupling Br 
— “Br: SSS — 
Coupling 


10.34. 
(a) The reagents indicate a radical bromination process. 


(c) The reagents indicate a radical chlorination process. 
Radical chlorination is less selective than radical 


The starting material has only one tertiary position, 
which undergoes selective bromination, giving the 
following tertiary alkyl bromide. 


pom 2 Tw 
————————$ 
hv 


(b) As seen in Section 10.4, radical iodination is not 
thermodynamically favorable. We expect no reaction in 


this case: 


Ip 
———>  noreaction 
hv 


bromination, so we expect a mixture of products. That 
is, we expect chlorination to occur at each of the unique 
locations: C1, C2, or C3. Chlorination at C2 generates a 
product with a chiral center, so a racemic mixture is 


expected: 
hv 
| Cl 
Cl At Pie 
(racemic mixture) 
+ a dis 


Cl 
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Chlorination at C4 yields the same product as 
chlorination at C2. Similarly, chlorination at C5 yields 
the same product as chlorination at C1. 


(d) The reagents indicate a radical bromination process. 
Bromination is expected to occur at the benzylic 
position, as it is the only sp? hybridized carbon atom in 
the structure: 


NBS Br 


(e) The reagents indicate a radical bromination process. 
Bromination is expected to occur selectively at the allylic 
position (because hydrogen abstraction occurs at that 
position to generate a resonance-stabilized radical). In 
this case, there is only one allylic position: 


d 


allylic position 


We remove a hydrogen atom from the allylic position 
and draw the resonance structures of the resulting allylic 


radical: 
U 


Finally, we use these resonance structures to determine 
the products, by placing a bromine atom at the position 
of the unpaired electron in each resonance structure: 


Du 5 ME p 
ZA hv zt WN B 


(f) The reagents indicate a radical bromination process. 
The starting material has only one tertiary position, 
which undergoes selective bromination, giving the 
following tertiary alkyl bromide. 


Bro 
——— 
hv 
Br 


10.35. We begin by drawing the starting material, (S)-3- 
methylhexane: 


MISI 
(S}-3-methylhexane 


This compound has only one tertiary position, so 
bromination will occur selectively at that site. In this 
case, the reaction is occurring at a chiral center, so we 
expect a racemic mixture: 


24 Br 


2 Br, 
10.36. 


(a) We begin by identifying allylic positions. There are 


p. ? 


allylic positions 


But these two positions are identical (symmetry). So, we 
only need to consider allylic bromination occurring at 
one of these positions. To do that, we remove a 
hydrogen atom from the allylic position and draw the 
resonance structures of the resulting allylic radical: 


de. 


Finally, we use these resonance structures to determine 
the products, by placing a bromine atom at the position 
of the unpaired electron in each resonance structure. In 
this case, the two resulting structures represent the same 
compound, so only one product is obtained: 
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(b) We begin by identifying the allylic positions. There are three of them (highlighted below), each of which can 
undergo hydrogen abstraction to give a resonance-stabilized radical, shown below. The resulting products are also 
shown. Notice that there are a total of five products, labeled 1 — 5. Notice that many of the products exhibit a chiral 
center, and a racemic mixture is expected in each case. 


Br 
Hydrogen x Halogen 
abstraction Cr os abstraction = CX 
=> — y — 
: Br 


(racemic mixture) (racemic mixture) 


Br 
Hydrogen Halogen 
Cy an abstraction. CY CY abstraction E 
<> —__ + 
: Br 
2 


(racemic mixture) 


Hydrogen Halogen B 
abstraction on ea abstraction Cr r 
=> ———- + 


(racemic mixture) 


4 
(racemic mixture) 


10.37. As seen in Section 10.9, diethyl ether undergoes autooxidation to give the following hydroperoxide: 


OOH 
O5 


~~ Nn ————— zo 


As seen in Mechanism 10.2, autooxidation is believed to occur via two propagation steps. The first is a coupling step, 
and the second is a hydrogen abstraction, as shown here: 


6-0" 


Z0 Coupling 
f XN ö—ö: 


ANN —— m zo 


0—0 Yn Hydrogen abstraction :0—OH 


> . 

z0 LS p R 
10.38. The first compound has no tertiary positions, so we 
(a) Compound A has the molecular formula CsH12, so it would expect bromination to occur at one of the 
must be one of the following three constitutional secondary positions. While there are three such 
isomers: positions in pentane (C2, C3, and C4), two of these 
positions are identical (C2 = C4). So there are two 
PE pw a unique positions that are likely to be brominated: C2 and 


C3. That is, monobromination of pentane should 
produce a mixture of 2-bromopentane and 3- 
bromopentane. So, compound A cannot be pentane, 


394 CHAPTER 10 


because the problem statement indicates that 
monobromination would result in only one product. The 
other two constitutional isomers above are candidates, 
because each of them would give one alkyl halide as the 
product. The second compound above (2-methylbutane) 
will undergo bromination selectively at the tertiary 
position. For the last compound above (2,2- 
dimethylpropane), all of the methyl groups are identical, 
so only one regiochemical outcome is possible. 

To determine which isomer is compound A, we must 
interpret the other piece of information provided in the 
problem statement. When compound B is treated with a 
strong base, two products are obtained. This would not 
be true if compound A were 2,2-dimethylpropane, as 
then, compound B would not undergo elimination at all 
(it would have no f protons): 


Br; Base 
——- Br — ——» noE2 
hv B 
î a 
no beta protons 


Therefore, compound A must be 2-methylbutane: 


AZ 


Compound A 


As mentioned, compound A undergoes mono- 
bromination selectively at the tertiary position, giving the 
corresponding tertiary alkyl halide (compound B): 


A B 


When compound B is treated with a strong base, an E2 
reaction is expected. Two regiochemical outcomes are 
possible, so we expect a mixture of both products (the 
major product is determined by the choice of base, as 
seen in the remaining parts of this problem): 

Strong 


Br 
Base 
pa Pp $ Pw" 


B C and D 


(b) When compound B is treated with tert-butoxide (a 
sterically hindered base), the less-substituted (Hofmann) 


product is favored. 


(c) When compound B is treated with sodium ethoxide, 
the more-substituted (Zaitsev) product is favored: 


ne 


10.39. We begin by identifying the allylic positions. 
There are two: 


allylic 
positions 


But one of these positions (the lower position in the 
structure above) lacks a hydrogen atom. So this position 
cannot undergo radical bromination (a C-H bond is 
necessary because a key step in the mechanism is a 
hydrogen abstraction step). So, we only need to consider 
allylic bromination occurring at one position. To do that, 
we remove a hydrogen atom from that allylic position 
and draw the resonance structures of the resulting allylic 
radical: 


Z 


> 


<_> 


Finally, we use these resonance structures to determine 
the products, by placing a bromine atom at the position 
of the unpaired electron in each resonance structure. 
Notice that each product has a chiral center and is 
therefore expected to be produced as a racemic mixture: 


Br 
NBS 
———» + 
hv 
Br 
( b) ( ele 
mixture mixture 


10.40. 
(a) Bromination occurs selectively at the tertiary 
position, giving the following alkyl bromide: 


A, vien 
— > 
hv 
(b) The mechanism will have three distinct stages. The 
first stage is initiation, in which the Br-Br bond is 
broken to generate bromine radicals. This step requires 
two fishhook arrows, as shown. There are two 
propagation steps (hydrogen abstraction and halogen 
abstraction), each of which requires three fishhook 


arrows (to show the bonds being broken and formed). In 
the first propagation step, a hydrogen atom is abstracted 


to give the more stable tertiary radical. In the second 
step, this radical undergoes halogen abstraction to give 
the product. There are many steps that can serve as 
termination steps, because there are many radicals that 
can couple together under these conditions. Shown 
below is a termination step that generates the desired 
product: 


Initiation 
Homolytic cleavage 


Propagation 
Hydrogen 


TAN 2 d equae ÇH 


Hac =C- p< eG H—Br: 
CH; CH; 
CH dB c 
abstraction Ha 
T ^ i Ug, —- H4C—C—Br: ‘Br 
CH CH, 
Termination — 
TAs, Coupling ÇH; » 
Hcc — —- Hc-6—Br: 
CH CH, 


(c) If there was a minor product, it would only be 
formed via a primary radical, the formation of which is 
significantly slower under bromination conditions. The 
tertiary radical is selectively formed, which leads to the 
tertiary alkyl bromide as the product. 


10.41. 
(a) There are two tertiary positions in this case, 


highlighted here: 


But these positions are identical, because they can be 
interchanged by an axis of symmetry, shown here (when 
we rotate 180 degrees about this axis, the same image is 
regenerated — you might want to build a molecular model 
to prove this to yourself): 


HE 


"un, KZ 


Rotate 
180 
degrees 


So we only need to consider bromination at one of these 
positions (either one will lead to the same products). 
Since the reaction occurs at a chiral center, we expect 
monobromination to give both possible configurations (R 
and S) for that chiral center. The configuration of the 
other chiral center (not involved in the reaction) is 
retained. Therefore, the products are diastereomers: 
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Br 
E Se on 
^ "n, i ^p, í ^n, 

(b) The starting compound has two tertiary positions, so 


dibromination will install one bromine atom at each of 
the tertiary positions: 


Dibromination Br 


“ny Br 


Each chiral center can be produced with either the R or S 
configuration, so all possible stereoisomers are expected. 
With two chiral centers, we might expect four 
stereoisomers (2", where n = # of chiral centers = 2). 
However, in this case, there are only three stereoisomers, 
because one of them is a meso compound, shown below. 
(The meso compound has no enantiomer because it has 
an internal plane of symmetry and is therefore achiral. 
For a review of meso compounds, see Section 5.6) 


Br 
OU Br A) 
+ 
W "Br 
Br 
enantiomers 
Br 
A 
tiny 
Br 


a meso compound 


10.42. The correct answer is (c). When an aromatic 
compound bearing an alkyl side chain is treated with 
excess NBS, all benzylic hydrogen atoms will be 
replaced with bromine atoms. 


10.43. The correct answer is (b). Iodination is the only 
reaction that is expected to be thermodynamically 
unfavorable (positive AG).  Fluorination, chlorination 
and bromination are all expected to be 
thermodynamically favorable (negative AG), although 
fluorination will be too violent to be practically useful. 


10.44. The correct answer is (c). Hydrogen abstraction 
is the first propagation step in radical bromination. The 
weakest C—H bond (the one with the smallest BDE) will 
be broken during this step. For a simple alkene, like 1- 
butene, an allylic C—H bond will be the weakest C—H 
bond, giving a stable, allylic radical intermediate after 
bond cleavage. The first two possibilities, (a) and (b), 
are vinylic radicals which are too high in energy to form. 
The fourth possibility (d) is a primary radical and is 
significantly less stable than an allylic radical. 
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10.45. The correct answer is (d). The tertiary radical is 
the most stable, because alkyl groups stabilize the 
unpaired electron via a delocalization effect, called 
hyperconjugation. 


10.46. The correct answer is (b). This compound has 
seven carbon atoms, but there are only four unique 
positions (highlighted) where chlorination can occur: 


3 

1 

iw 
6 7 


Chlorination at Cl produces the same result as 
chlorination at C5, chlorination at C2 produces the same 
result as chlorination at C4, and chlorination at C6 
produces the same result as chlorination at C7. 
Therefore, the following four monochlorination products 
are expected: 


or ir 


10.47. The correct answer is (a). After initiation of the 
radical mechanism, a bromine radical adds to the xt bond, 
giving the more stable (secondary) carbon radical. This 
propagation step leads to the following intermediate: 


PASS SS ONS = 


10.48. The correct answer is (d). The mechanism for 
radical bromination of 2-methylpropane begins with 
initiation, which creates bromine radicals. This initiation 
step involves homolytic bond cleavage (using Br» and 
either heat or light) and should employ two fishhook 
arrows. 


10.49. Methyl radicals are less stable than tert-butyl 
radicals so methyl radicals react with each other (couple) 
more rapidly. The tertiary tert-butyl radicals are more 
stable and are therefore less reactive. Also, methyl 
radicals are less hindered than tert-butyl radicals, so that 
further explains why methyl radicals couple more rapidly 
than tert-butyl radicals. 


10.50. 

(a) Monochlorination of cyclopentane gives only one 
product, because a reaction at any position generates the 
same product as a reaction at any other position: 


@a 


(b) This compound has six carbon atoms, but there are 
only four unique positions (highlighted) where 
chlorination can occur: 


Chlorination at C4 produces the same result as 
chlorination at C3, and chlorination at C5 produces the 
same result as chlorination at C2. Therefore, the 
following four constitutional isomers are expected: 


rea p 


The last two structures have chiral centers and are 
therefore produced as mixtures of stereoisomers. But 
this can be ignored for purposes of solving this problem, 
because the problem statement asks for the number of 
constitutional isomers that are obtained. 


(c) This compound has seven carbon atoms, but there are 
only three unique positions (highlighted) where 
chlorination can occur: 


6 
Chlorination cannot occur at C1, because that position 
does not have a C-H bond (which is necessary, because 
hydrogen abstraction is the first step of the chlorination 
process). Chlorination at C4 produces the same result as 
chlorination at C3, chlorination at C5 produces the same 
result as chlorination at C2, and chlorination at C6 
produces the same result as chlorination at C7. 


Therefore, the following three constitutional isomers are 
expected: 


NT 


Each of the last two structures has a chiral center and is 
therefore produced as a mixture of enantiomers. But this 
can be ignored for purposes of solving this problem, 
because the problem statement asks for the number of 
constitutional isomers that are obtained. 


CI CI 


(d) This compound has five carbon atoms, but there are 


only four unique positions (highlighted) where 
chlorination can occur: 
32d. 
4 2 
3 1 


Chlorination at C5 produces the same result as 
chlorination at Cl. Therefore, the following four 
constitutional isomers are expected: 


be ie iR 


The first structure has a chiral center and is therefore 
produced as a racemic mixture of enantiomers. The 
same is true of the third structure above. But this can be 
ignored for purposes of solving this problem, because the 
problem statement asks for the number of constitutional 
isomers that are obtained. 


(e) This compound has six carbon atoms, but there are 
only two unique positions (highlighted) where 
chlorination can occur: 


5 6 
A 
1 


4 


Chlorination at C3 produces the same result as 
chlorination at C2. Similarly, chlorination at C4, C5, or 
C6 produces the same result as chlorination at C1. 
Therefore, the following two constitutional isomers are 


expected: 
Cl 


The first structure has a chiral center and is therefore 
produced as a racemic mixture of enantiomers. But this 
can be ignored for purposes of solving this problem, 
because the problem statement asks for the number of 
constitutional isomers that are obtained. 


(f) Monochlorination of cyclohexane gives only one 
product, because a reaction at any position generates the 
same product as a reaction at any other position: 


Cl 


(g) This compound has seven carbon atoms, but there are 
only five unique positions (highlighted) where 
chlorination can occur: 


Chlorination at C5 produces the same result as 
chlorination at C3, and chlorination at C6 produces the 
same result as chlorination at C2. Therefore, the 
following five constitutional isomers are expected: 
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Cl 
Cl 


Cl Cl 
Cl 


Each of the bottom three structures is produced as a 
mixture of stereoisomers. But this can be ignored for 
purposes of solving this problem, because the problem 
statement asks for the number of constitutional isomers 
that are obtained. 


(h) This compound has eight carbon atoms, but two of 
them (the two central carbon atoms) cannot undergo 
chlorination because they lack a C-H bond. The 
remaining six carbon atoms (the methyl groups) all are 
identical, because a reaction at any position generates the 
same product as a reaction at any other position: 


(i) This compound has six carbon atoms, but there are 
only three unique positions (highlighted) where 
chlorination can occur: 
IM 
" 2 
3 1 


Chlorination cannot occur at C2, because that position 
lacks a C-H bond. Chlorination at C5 or C6 produces 
the same result as chlorination at Cl. Therefore, the 
following three constitutional isomers are expected: 


rS are 


The middle structure has a chiral center and is therefore 
produced as a racemic mixture of enantiomers. But this 
can be ignored for purposes of solving this problem, 
because the problem statement asks for the number of 
constitutional isomers that are obtained. 


(j) This compound has five carbon atoms, but there are 
only three unique positions (highlighted) where 
chlorination can occur: 
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Chlorination at C4 produces the same result as 
chlorination at C2, and chlorination at C5 produces the 
same result as chlorination at Cl. Therefore, the 
following three constitutional isomers are expected: 


Cl 


[scat 


Cl Cl 


The middle structure has a chiral center and is therefore 
produced as a racemic mixture of enantiomers. But this 
can be ignored for purposes of solving this problem, 
because the problem statement asks for the number of 
constitutional isomers that are obtained. 


10.51. Let’s begin by drawing our product and starting 
materials, so that we can see them more clearly: 


Product Starting materials 
tb 
[9] fade rom 
Ia L 
CHa3COCH5;CH(CH3)5 Acetylene — 2-Methylpropane 


The starting materials have two carbon atoms and four 
carbon atoms, respectively, while the product has six 
carbon atoms. Therefore, we must find a way to join the 
starting materials. So far, we have only seen one way to 
make a carbon-carbon bond. Specifically, acetylene can 
undergo alkylation, as shown here: 


1) NaNH» 


9 pt 


The resulting terminal alkyne can then be converted into 
the desired product via acid-catalyzed hydration in the 


presence of mercuric sulfate: 
[9] 
P PS 


All that remains is to show how the starting alkane (2- 
methylpropane) can be converted into the necessary 
primary alkyl halide: 


Je cts 3E 


Radical bromination will indeed install a bromine atom, 
but this occurs selectively at the tertiary position: 


pu a us 
——- 
hv 
Br 


a 


H5SO4, H2O 
ol 
HgSO4 


This tertiary alkyl bromide must now be converted into 
the desired primary alkyl bromide. That is, we must 
move the position of the bromine atom, which can be 
accomplished via a two-step process (elimination, 
followed by anti-Markovnikov addition of HBr): 


Br 
2 Quos, Ce oe oe 
—- ——- Br 
ROOR 


In summary, the entire synthesis is shown here: 


1) NaNH; 
M M ES d 
Starting — 2) 7^ 
material HBr H5SO4, H20 
ROOR HgSO4 
9) 
Den AA 
Br? 
— Product 
hv Br 
Starting 
material 
10.52. 


(a) This transformation can be achieved via radical 
chlorination (under conditions that favor 
monochlorination): 


dal uv 
—————- 
hv 
(b) Radical iodination is not a feasible process (it is not 
thermodynamically favorable), so we cannot directly 
iodinate the starting cycloalkane. However, radical 


bromination (or alternatively, radical chlorination) can 
be performed, followed by an Sw2 reaction in which 


iodide replaces bromide: 
da 


Bro, Br Nal 
hv 
(c) The m bond in the target molecule can be formed by 


an elimination reaction, so we can make the target 
molecule from an alkyl halide. The alkyl halide, in turn, 
can be prepared by radical halogenation of the given 
alkane starting material, as shown in the following 
retrosynthesis: 


"IIS I2 


1) Bra, hv 
2) Nal 


Now let's draw the forward process. First, radical 
chlorination or bromination can be performed, thereby 
installing a leaving group, which then allows for an E2 
process with a strong base to give the desired product. 
Any strong base can be used (there is only one 
regiochemical outcome, so a sterically hindered base is 
not required). It is acceptable to use hydroxide, 
methoxide or ethoxide for the E2 process. That being 
said, in this particular case, tert-butoxide will likely be 
more efficient, as it will suppress the competing Sn2 
process (we would expect Sn2 to give a minor product if 


the base is not sterically hindered). 
aeo O) 


C3 2)tBuOK 
Che P an t-BuOK 


(d) A retrosynthetic analysis of the target molecule 
begins with the following question: *What starting 
material can be used to make a trans-1,2-dibromide?” 
The two Br atoms in the target molecule can be installed 
via bromination of alkene: 


a Br 
zi 


This alkene can be produced from an alkyl halide that, in 
turn, can be prepared by radical halogenation of the 
given alkane starting material: 


O=0°=0 


Now let's draw the forward process. First, radical 
chlorination or bromination can be performed, thereby 
installing a leaving group, which then allows for an E2 
process with a strong base to give cyclohexene. Any 
strong base can be used (there is only one regiochemical 
outcome, so a sterically hindered base is not required). It 


Br 
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is acceptable to use hydroxide, methoxide or ethoxide for 
the E2 process. That being said, in this particular case, 
tert-butoxide will likely be more efficient, as it will 
suppress the competing Sw2 process. Finally, 
cyclohexene can be treated with Br» (anti addition of two 
bromine atoms) to give the target molecule. In 
summary, the desired transformation can be achieved via 
the following three-step synthesis: 


1) Cb, hv ,^Br 
2) -BuOK * En 
3) Br; Br 


/ Bro 
Cl 
CY tBuOK Q 
— 


(e) The x bond in the target molecule can be made from 
an alkyl halide via an elimination reaction. This alkyl 
halide is an ideal intermediate, because it can be 
prepared by radical halogenation of the given alkane 


starting material: 
CY = CT =O 


Now let’s draw the forward process. The transformation 
begins with a radical bromination, which installs a 
bromine atom selectively at the tertiary position. For the 
subsequent E2 elimination, the more-substituted Zaitsev 
product is desired, so we must a use a strong base that is 
not sterically hindered, such as hydroxide, methoxide or 


Br 


ethoxide: 
1) Bro, hv 
———- 
2) NaOEt 


Br 
NaOEt 
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10.53. 


Monochlorination of cis-1,2-dimethylcyclopentane generates twelve possible products, as six pairs of 


stereoisomers (one pair has an enantiomeric relationship, indicated below, and all other pairs have a diastereomeric 
relationship). In contrast, trans-dimethylcyclopentane produces only six different products, as shown below: 


Ch "S l 
— 
hv 


cis isomer 
generates 12 
monochlorinated 
products 


E 


(enantiomers) 


Clin, 


“Or: 
£x 
2E 


z 
b- 
$e 
c 


^ 


trans isomer 
generates 6 
monochlorinated 
products 


cio x 
‘on 
on 
% 
Cl 


a 


CI 


a" 


Chin, 


Ie 
à 


Q 
wu TER MR eom n Sie oe P POS 


Q 


10.54. 

(a) Recall that AG has two components: (AH) and 
(-TAS). The first term is positive (recall that breaking a 
bond consumes energy), so the second term must have a 
large negative value in order for AG to be negative 
(which is necessary in order for the process to be 
thermodynamically favorable). This will be the case if 
AS and T are both large and positive (T cannot be 
negative, as it is in units of Kelvin) At high 
temperatures, both of these terms are indeed large. AS is 
large and positive because one chemical entity is being 
converted into two chemical entities, which significantly 
increases the entropy of the system. 


(b) Recall that AG has two components: (AH) and 
(-TAS). The magnitude of (-TAS) is dependent on the 
temperature. As described in part (a), at high 
temperature, the (-TAS) term dominates over (AH), and 


the reaction is thermodynamically favorable (AG is 
negative). However, at low temperature, the first term 
(enthalpy) dominates, and the reaction is no longer 
thermodynamically favored (AG is positive). 


10.55. Bromination of compound A gives 2,2- 
dibromopentane: 
Br Br 


P 


2,2-dibromopentane 


So compound A must be 2-bromopentane: 


Br Br Br 
pr Bro ue 
———— 
hv 


Compound A 
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via inversion of configuration, the chiral center must 
Compound A exhibits one chiral center. The problem have the S configuration in compound A: 
statement provides the information that is necessary to 
determine the configuration of this chiral center. 
Specifically, we are told that treating compound A with a E p NaSH x ens 
strong nucleophile (Sn2 conditions) results in a product (S) Sn2 (R) 
with the R configuration. Since Sn2 reactions proceed 


"n 
X 
o 
I 


Compound A 
(S)-2-bromopentane 


10.56. The first propagation step in a bromination process is generally slow. In fact, this is the source of the 
selectivity for bromination processes. A pathway via a secondary radical will be significantly lower in energy than a 
pathway via a primary radical. As a result, bromination occurs predominantly at the more substituted (secondary) 
position. However, when chlorine is present, chlorine radicals can perform the first propagation step (hydrogen 
abstraction) very rapidly, and with little selectivity. Under these conditions, primary radicals are formed almost as 
readily as secondary radicals. The resulting radicals then react with bromine in the second propagation step to yield 
monobrominated products. Therefore, in the presence of chlorine, the selectivity normally observed for bromination is 
lost. 


10.57. As shown in the problem statement, an acyl peroxide will undergo cleavage to give a radical that can then lose 
carbon dioxide: 


o 
^ 
ed LAAN c 2A 
Ù 
O O 
, - CO? 
ZS 


This radical is responsible for the formation of each of the reported products. The first product is formed when the 
radical undergoes hydrogen abstraction: 


Bf M Ee ENANA 


The second product is formed when two of the radicals couple with each other, as shown: 


Z 


And finally, each of the cyclic products is formed via addition to a x bond (in an intramolecular fashion), followed by 


hydrogen abstraction: 
— O40 — O0 
Pees Ce Cy ies 


ZN 


10.58. 

(a) In this reaction, two groups (R'S and H) are being added across the x bond in an anti-Markovnikov fashion. This 
reaction resembles the anti-Markovnikov addition of HBr across a x bond (Section 10.10). Using that reaction as a 
guide, we can draw the following initiation and propagation steps. In the initiation step, an R'S radical is formed. The 
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first propagation step is an addition to a x bond, and the second propagation step is a hydrogen abstraction to form the 
observed product and regenerate an R'S radical. 


Initiation 


. m M Initiator 


R'—S-H » RS: 


Propagation Step #1 


Re NC [= ee 


— p 
H HH 
Propagation Step #2 
R S—R' ^ » R S—R' " 
E " Lg sm + -8p 
m Ar ed ue E 
H H H H 


(b) We expect an anti-Markovnikov addition of R'S and H across the x bond, as follows: 


(0) (0) 
P »7 S radical initiator ee 7 Protein 
Protein oe + H^ ^w Protein ———*_ | Protein lo eT SE 
Ý heat or light i 


10.59. Overall, in this oxidation reaction, the two C—H bonds on the central carbon atom are replaced with a C=O 
double bond, as shown below. It is useful to keep this in mind as we draw our mechanism. 


H H O 


The following mechanism involves the following steps (as described in the problem statement): hydrogen atom 
abstraction, coupling with O2, oxygen atom abstraction and hydrogen atom abstraction. 


10.60. 


Abstraction of any of the hydrogen atoms attached to carbon leads to a vinyl radical that is not resonance stabilized. 
Abstraction of any of the hydrogen atoms attached to oxygen leads to a resonance-stabilized radical. Thus, we should 
focus our attention on the three hydroxyl groups. 

Abstraction of a hydrogen atom from the hydroxyl group on the right side of the molecule leads to a radical that is 
delocalized over eight positions, as shown below (resonance structures A-H): 
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Abstraction of a hydrogen atom from either of the hydroxyl groups on the left side of the molecule leads to a radical 
that is delocalized over four positions, as shown here (resonance structures I-L). 


Ai 


("9 la d 
‘OR C 
\ / \ JX \F\ JN PUN WA \ 2 
I: OH way OH i j u OH 


HO HO 


This suggests that the hydrogen atom of the hydroxyl group on the right side of the molecule is more susceptible to 
abstraction, because it leads to the formation of a more stable radical. 


10.61. 

(a) In the first step, the C-O bond undergoes homolytic cleavage, yielding the two radicals shown. Resonance 
structures of the sulfoxide radical demonstrate that the unpaired electron is delocalized over the oxygen and sulfur 
atoms, as shown. Recombination of the radicals in the second step generates the observed product, as shown. 


(eee = OY s 6) DER 
OL Ar ET OY Ar| 7 S 
P (Os r P : C Ùs r P EM 


(b) To propose an explanation for the scission of the C—O bond over the O-S bond, we must analyze the radicals 
formed from each of these homolytic cleavages. Both of the radicals formed from cleavage of the C—O bond are 
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resonance-stabilized, as shown below. Note that the sulfoxide radical is also further stabilized by resonance involving 
the adjacent aromatic ring (not shown). The formation of these resonance-stabilized radicals is consistent with facile 
bond cleavage. 


gc arm Las HMM A 


The radicals formed from homolytic cleavage of the O-S bond are shown below. The sulfur radical is stabilized by 
resonance involving the adjacent aromatic ring, but the oxygen radical is not resonance-stabilized. Because the 
resulting radicals are less stable, the O-S bond is not cleaved as readily as the C—O bond. 


we r 
10.62. 


In the first step, tert-butoxide is a strong, sterically hindered base, so we expect an E2 process, generating an alkene 
(note that there is only one regiochemical outcome for this E2 reaction, because there is only one beta proton that is 
anti-periplanar with the iodide leaving group). Then, when treated with NBS under radical conditions, the alkene 
undergoes hydrogen abstraction to give a resonance stabilized radical, followed by halogen abstraction to generate the 
product. The HBr produced in the first propagation step then reacts with NBS in an ionic reaction that produces Br». 
This Br» can be used in the second propagation step. 


O 
hv 
A 
O 
H,,, ds st” E D: 
(ye o inp O Br: ia O Ups oO 
I "4 ti "y f, 
~) ^N ^N 4 N D ^N 
V \ \ \ 
R R R R 
Br 
Br> 
2 es 
Br 5, a 
\ 
R 


To rationalize the observed stereochemical outcome, consider the two faces of the delocalized allylic radical (which are 
essentially the two faces of the six-membered ring). Notice that the bottom face is blocked by the amide. As a result, it 
would be difficult for bromine to react on this face of the molecule. This steric consideration can successfully explain 
why bromine traps the carbon radical on the top face of the molecule, leading to the observed stereochemical outcome. 
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The top face 
of the allylic radical 
is fess hindered 


The bottom face 
of the allylic radical 
is hindered by the 
amide group 


10.63. We know that a radical can undergo an addition reaction with a x bond, and if these two reactive sites are on the 
same carbon chain, then the resulting intramolecular addition reaction results in the formation of a ring. Both of the 
observed radicals are generated by such cyclization processes, occurring in a tandem (back-to-back) fashion. 
Depending on which x bond the initial radical attacks first, there are two different outcomes. The first tricyclic radical 
can be formed with the following two steps. First, the initial radical undergoes an intramolecular addition to a x bond, 
generating a 5-membered ring and a new radical. This radical once again undergoes addition to the remaining n bond, 
resulting in the formation of two 5-membered rings and a new radical. 


CS CN OY : 
CO to — OB 
" C 


Loe CN EtO;C CN 


The second tricyclic radical can be formed if the initial radical undergoes addition with the z bond that is farther away 
(to form a six-membered ring), followed by a subsequent addition to the remaining nx bond. 


EtO;C. 


ië COSEt 
NC A 
V : CN 
SS ——- 
C3 COzEt 
O 

10.64. A comparison of the first product with the starting material reveals which bond in the starting material 
undergoes homolytic cleavage: 


This bond undergoes 
homolytic cleavage 


O O 
Nw ZN Nw N 
nn F O L5! E 
e 
Starting material Product 


So we begin our mechanism by drawing homolytic cleavage of that bond, giving two radicals (A and B): 


Radical A then couples with TEMPO to give the first product, while radical B undergoes further homolytic cleavage to 
give nitrogen gas and a phenyl radical, which couples with TEMPO to give the second product. 
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O 
No ANZN Na l, CNN 
Cy Ane hv or N à D 


10.65. 

(a) The first step of the propagation cycle is abstraction of a hydrogen atom from cubane, generating a cubyl radical. 
In the second step of the propagation cycle, halogen abstraction gives the product (iodocubane) and also regenerates the 
triiodomethyl radical. 


(b) Termination steps generally involve the coupling of two radicals. The following coupling reactions are all possible 
termination steps. 
Je jq 
i-6 OAOA c-j: ——- T—6- dI: 
qu Ue aie, sats 
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(c) Recall that for radical halogenation reactions, AG ~ AH (Section 10.4). For the iodination of an alkane with I2 
(compound 2a), AH will have a positive value: 


(HC)OOCH + I—I  ———- (HxC)C—-I + H—I AH = +26 kJ/mol 


~ 381 2a ~ 209 4a 
kJ/mol ~ 151 kJ/mol ~ 297 
kJ/mol kJ/mol 


Since AH for the reaction is positive, AG for the reaction will also be positive. Therefore, the reaction is 
thermodynamically unfavorable. This argument is expected to hold true for cubane as well, assuming that the BDE for 
the C-H bond in cubane is not too different from the BDE for the C-H bond in (CH3)3CH. That is, iodination of 
cubane with molecular iodine (2a) is unfavorable. 

In contrast, when 2b is used as the reagent for iodination, AH for the reaction will be negative, which gives a negative 
value for AG. This can be rationalized by comparing the BDE values for 4a and 4b. The BDE of 4a is 297 kJ/mol, 
while the BDE of 4b is 423 kJ/mol. This significant difference in BDE values causes AH for the reaction to be 
negative when 2b is used rather than 2a, because a much stronger bond is being formed when 4b is produced. 


cubane—H + I—CI, — — cubane—I +  H-—CI3 AH= -59 kJ/mol 


~ 384 2b ~ 209 4b 
kJ/mol ~ 192 kJ/mol ~ 423 
kJ/mol kJ/mol 


Recall that bonds broken require an input of energy, contributing to a positive value of AH, while the formation of 
bonds releases energy, contributing to a negative value of AH. 


10.66. 

(a) The given peroxide is a radical initiator, and upon heating, it readily undergoes homolytic bond cleavage to generate 
resonance-stabilized radicals. These radicals can then abstract a halogen from CCl, in a halogen abstraction step to 
give a trichloromethyl radical (ClsC*), shown below. 


Homolytic 
Oo O Bond Cleavage o 

a NN Ph ——— 2 Jl. 

:0— 0: Ph o 

Halogen 

CI (0) bstracti Cl [9] 

fA CN abstraction i 
CI—C —CI zx = | C=C" 

0 ^ Nae if eas Ph 


trichloromethyl 
radical 


There are two propagation steps, shown below. In the first propagation step, the m bond reacts with a trichloromethyl 
radical to give the more stable secondary radical (rather than the less stable primary radical). This step explains the 
regiochemical outcome of the process. Then, in the second propagation step, abstraction of a chlorine atom from CCl4 
gives the product and regenerates the reactive intermediate (Cl3C*), as expected for a propagation step. 


(CN CI Addition to 
| a 1 Bond 
id =a ox RX i 
Cl 
Halogen CI 
HL NET NANI abstraction R 
RNS eo, CGC 070000 ^Y ech ac 


Cl Cl 
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(b) The initiation steps are the same as those for a standard Kharasch reaction [see the two initiation steps in part (a) of 
this problem]. 

Based on our answer to part (a), we expect the first propagation step to involve addition of ClsC* across a m bond. In 
this case, there are two x bonds. The Cl3C* radical can react with either x bond, but reaction with the more substituted 
alkene (disubstituted) leads to the observed product and produces the more stable 3? radical. This radical can then add 
to the other x bond (monosubstituted) in an intramolecular process to afford a primary radical that abstracts a chlorine 
atom from CCl. to give the desired product. Once again, notice that the final propagation step involves regeneration of 
the reactive intermediate, Cl3C*, as expected for a radical mechanism. 


OH OH OH 


ClaC* + Cl 


Chapter 11 
Synthesis 


Review of Concepts 

Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 11. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e The position of a halogen can be moved by performing followed by 
e The position of a x bond can be moved by performing followed by 


e An alkane can be dünetondliced via radical 
e Every synthesis problem should be approached by asking the following two questions: 
1. Is there any change in the ? 
2. Is there any change in the identity and/or location of the ? 
e Ina analysis, the last step of the synthetic route is first established, and the 
remaining steps are determined, working backward from the product. 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 11. The answers appear in the section entitled SkillBuilder Review. 


11.1 Changing the Identity or Position of a Functional Group 


Identify the two processes that are required to change the position of a halogen: 


P. E.) ( Br 


SS — > 


Identify the two processes that are required to change the position of a x bond: 


Identify the two processes that are required to install a x bond: 


Identify the reagents necessary to achieve each of the following transformations: 


ye ZR NR 
1) 
b Xn 7 
E 20 9 
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11.2 Changing the Carbon Skeleton 


Identify the reagent necessary to achieve the following C-C bond-forming reaction: 


"n "uo numm 
us eo" yi o lu 
H H H H H H H 


Identify the reagents necessary to achieve the following C-C bond-breaking reaction: 


H 
\ H H 
EP nC) ERE MEE. 


H-C-C-C-C” + M 
d €-H 


H-C-C-C-C e" 
\ fos ol \ A 


11.3 Approaching a Synthesis Problem by Asking Two Questions 


Identify the two questions to ask when approaching a synthesis problem: 


1) 
2) 


11.4 Retrosynthetic Analysis 


Complete the following retrosynthetic analysis by drawing the appropriate structures in the boxes provided: 


mE mET 


Product Starting material 


Useful Reagents: 


This chapter does not cover any new reactions. As such, there are no new reagents in this chapter. 
The problems in this chapter require the use of the reagents covered in previous chapters (specifically, 
Chapter 3 and Chapters 7-10). For each of those chapters, a summary of reagents can be found in the 
corresponding chapters of this solutions manual. 


Common Mistakes to Avoid 


When proposing a synthesis, avoid drawing curved arrows (unless the problem statement asks you 
to draw a mechanism). So often, students will begin drawing mechanism, rather than a synthesis, when 
asked to propose a synthesis. If you look through all of the solutions to the problems in this chapter, you 
will find that none of the solutions exhibit curved arrows. 


Also, avoid using steps for which you have no control over the regiochemical outcome or the 
stereochemical outcome. For example, acid-catalyzed hydration of the following alkyne will produce two 


different ketones. 
[9] 


ZU 


HgSO4 


This process should not be used if only one of these ketones is desired. 
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Solutions 


11.1. The reagents for these reactions can be found in the summary material at the end of Chapter 8. They are shown 


again here: 
[9] 
Z ÔH 
Br A FIL * En 
o OH 
KMnO4 


1) O3 
NaOH, cold 


"m 


HBr HBr  '2)pMS 
ROOR 
OH 


Bro Br — NaoEt 2) H30* OH 
— — y 
hv 
ee 
m uw OH 
i +E 
OH 1) BH3: THF. H Bro n 


2 
2) H203, Pt Br 
NaOH 


Aw Br 
on ^ 
"C Br 


11.2. The reagents for these reactions can be found in the summary material at the end of Chapter 9. They are shown 
again here: 


Br Ò 


= poh 
T H5SO4, H2O / v 


H9SO4 
H; == 
1) RoBH Lindlar's / \ 
2) H505, NaOH Catalyst 
1) NaNH; i Pe H2 i Coss ud 
2) CH3I m Pt 


1) xs NaNH? 
2) H20 Br; 
B Na Nr 
r 


o 
p E Br. Br 
T Br 
ou | 


Br 
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11.3. 

(a) We begin by analyzing the identity and location of 
the functional group in both the starting material and the 
product: 


4 2 4 27 
3 1 oan 
pu X 
Starting material Product 


The identity of the functional group has changed (double 
bond > triple bond), but its location has not changed (it 
remains between Cl and C2) The conversion of a 
double bond to a triple bond can be accomplished via the 
following two-step process (bromination, followed by 
elimination): 

1} Brz » d 

2) xs NaNH; 

3) H20 


Br 1)xs NaNH2 
2) H2O 


(b) We begin by analyzing the identity and location of 
the functional group in both the starting material and the 
product. The identity of the functional group (Br) has 
not changed, but its location has changed. We have seen 
that this transformation can be accomplished via a two- 
step process (elimination, followed by addition). For the 
elimination process, there is only one possible 
regiochemical outcome; nevertheless, we must carefully 
choose a base. We need a strong base that will not 
function as a nucleophile (with a primary substrate, 
substitution would predominate over elimination if we 
use a base such as hydroxide, methoxide, or ethoxide). 
Appropriate bases include DBN or DBU. Alternatively, 
tert-butoxide can be used, because it is sterically 
hindered, thereby suppressing the competing Sn2 
reaction. For the next step of our synthesis, 
Markovnikov addition is required, so we use HBr 


without peroxides. 


Mew 


(c) We begin by analyzing the identity and location of 
the functional group in both the starting material and the 
product. The identity of the functional group (a x bond) 
has not changed, but its location has changed. We have 


A)DBU 
HB 


seen that this transformation can be accomplished via a 
two-step process (addition, followed by elimination). 
For the first step of our synthesis, Markovnikov addition 
is required, so we use HBr without peroxides. For the 
next step of our synthesis, the more-substituted alkene is 
desired (the Zaitsev product — trisubstituted rather than 
disubstituted), so the base cannot be sterically hindered. 
Appropriate choices include hydroxide, methoxide, and 
ethoxide. 


1) HBr 
2) NaOMe 


Br 
HBr NaOMe 


(d) We begin by analyzing the identity and location of 
the functional group in both the starting material and the 
product. In doing so, we immediately realize that the 
starting material has no functional group (it is an alkane), 
so the first step of our synthesis must be the installation 
of a functional group. This can be accomplished via 
radical bromination, which selectively installs a bromine 
atom at the tertiary position. The resulting tertiary alkyl 
halide can then be converted into the product via an 
elimination process. The more-substituted alkene is 
desired (the Zaitsev product — trisubstituted rather than 
disubstituted), so the base cannot be sterically hindered. 
Appropriate choices include hydroxide, methoxide, and 
ethoxide. 


1) Bra, hv 
2) NaOMe 


Br 
Br? NaOMe 


hv 


(e) The identity of the functional group (OH) has not 
changed, but its location has changed. We have seen that 
this transformation can be accomplished via a two-step 
process (elimination, followed by addition). Elimination 
can be achieved by converting the alcohol to a tosylate 
followed by treatment with a strong base (E2). The 
more-substituted alkene is desired (the Zaitsev product — 
trisubstituted rather than monosubstituted), so the base 
cannot be sterically hindered. Appropriate choices 
include hydroxide, methoxide, and ethoxide. The 
resulting alkene can then be converted to the desired 
product via an addition process. Specifically, a 
hydration reaction must be performed (addition of H and 
OH) in a Markovnikov fashion. This can be achieved by 


treating the alkene with dilute acid (acid-catalyzed 


hydration): 
1) TsCl, py pH 
2) NaOEt 
OH 3) H30* 
H30* 
1) TsCl, py 
2) NaOEt e 


(f) We begin by analyzing the identity and location of 
the functional group in both the starting material and the 
product. The identity of the functional group has 
changed (Br > OH), and its location has changed as 
well. We have seen that this type of transformation can 
be accomplished via a two-step process (elimination of H 
and Br, followed by addition H and OH). For the first 
step of our synthesis, the more-substituted alkene is 
desired (the Zaitsev product — trisubstituted rather than 
monosubstituted), so the base cannot be sterically 
hindered. ^ Appropriate choices include hydroxide, 
methoxide, and ethoxide. A hydration reaction must be 
performed (addition of H and OH) in a Markovnikov 
fashion. This can be achieved by treating the alkene 
with dilute acid (acid-catalyzed hydration): 
1) NaOMe 


2) H0* DASS 
) Hs OH 
\ | H4O* 
NaOMe E n 


(g) We begin by analyzing the identity and location of 
the functional group in both the starting material and the 
product. The identity of the functional group has 
changed (OH > Br), and its location has changed as 
well. We have seen that this type of transformation can 
be accomplished via a two-step process (elimination of H 
and OH, followed by addition H and Br). For the first 
part of our synthesis (elimination), we must first convert 
the alcohol to a tosylate before treating with a strong 
base. The use of a sterically hindered base is not required 
(for a secondary substrate, E2 — major product, while 
Sn2 = minor product) Nevertheless, a sterically 
hindered base will be helpful here as it will suppress the 
competing Sn2 reaction. So fert-butoxide is used in the 
synthesis shown. Alternatively, DBU or DBN could be 
used. Note that an acid-catalyzed dehydration (El 
process) should be avoided, because heating the alcohol 


Br 
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with concentrated sulfuric acid will likely involve a 
carbocation rearrangement (methyl shift). For the 
second part of our synthesis, we must perform an anti- 
Markovnikov addition of H and Br, so we use HBr in the 
presence of peroxides. 


OH 
x 1) TsCl, py Br 
——————— 

2) t-BuOK p dad 
3) HBr, ROOR 
HBr, 
1) TsCl, py > ROOR 
2) -BuOK 


(h) We begin by analyzing the identity and location of 
the functional group in both the starting material and the 
product. The identity of the functional group (OH) has 
not changed, but its location has changed. We have seen 
that this type of transformation can be accomplished via 
a two-step process (elimination, followed by addition). 
For the first part of our synthesis (elimination), we must 
first convert the alcohol to a tosylate before treating with 
a strong base. The use of a sterically hindered base is not 
required (for a secondary substrate, E2 = major product, 
while Sn2 = minor product). Nevertheless, a sterically 
hindered base will be helpful here as it will suppress the 
competing Sn2 reaction. So fert-butoxide is used in the 
synthesis below. Alternatively, DBU or DBN could be 
used. Note that an acid-catalyzed dehydration (El 
process) should be avoided, because heating the alcohol 
with concentrated sulfuric acid will likely involve a 
carbocation rearrangement (methyl shift) For the 
second part of our synthesis, we must perform an anti- 
Markovnikov addition of H and OH. This can be 
achieved via hydroboration-oxidation, or alternatively, it 
can be achieved by anti-Markovnikov addition of HBr 
followed by an Sn2 process with hydroxide to give the 
desired alcohol: 


OH 
1) TsCl, 
) TsCl, py X 
2) t-BUOK 
1} HBr, ROOR 
2) NaOH 
(Sn2) 1) BH3: THF 


2) H203, NaOH 


p dd 
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11.4. We begin by analyzing the identity and location of the functional groups in both the starting material and the 
product, and we look for a difference. In this case, a double bond is introduced at the locations labeled C1 and C2 


below: 
[9] [9] 
[9] [9] 
2 
Pot. e. 
1 


Neither of these positions is functionalized, so we must first install a functional group at one of these locations. This 
can be accomplished by allylic bromination with NBS, which installs a bromine atom at position C1 (an allylic 
position). The resulting secondary bromide can then be converted into the product via an elimination process. Any 
strong base could be used, but a non-nucleophilic base such as DBU is ideal to favor elimination over substitution. The 
desired E isomer is thermodynamically favored over the less stable Z isomer. 


) NBS, TNE NE. 
DBU DBU 
NBS, hv o DBU 
O 
ZA 
Br 


11.5. installation of the ethyl group followed by installation of 
(a) The starting material (acetylene) has two carbon the methyl group: 
atoms, and the product has five carbon atoms. Therefore, 
we must change the carbon skeleton by forming carbon- 1) NaNH> P 
carbon bonds with two successive alkylation processes. 2) Et 
We can do a retrosynthesis to determine which alkyl BO 3) NaNH; 5 
groups are needed. The two groups can be installed in 4) Mel 
either order, and therefore can be disconnected in either 
order: 1) NaNH; 1) NaNH 
2 
up SERA XS E03 2) Etl 2) Mel 
a we 
Electrophile Nucleophile (b) The desired transformation must lengthen the carbon 


chain by two carbon atoms, and there is a new triple 
bond. The alkyne target molecule is suitable for making 


I 
ADM = © N the required C-C bond disconnection, so that is how the 
A BZ ^ ò+ retrosynthesis begins: 


Nucleophile Electrophile 


We must install a methyl group and an ethyl group. The d LG 
ethyl group is installed by treating acetylene with sodium C277 => C2 
amide, followed by ethyl iodide. And the methyl group is à 


installed in a similar way (upon treatment with sodium 


Electrophil Nucleophil 
amide, followed by methyl iodide). The following shows Sees TUE 


A leaving group is needed for the substitution reaction 
with the acetylide nucleophile, but the OH group on the 
alcohol starting material is not a good leaving group. We 
must convert the alcohol to a tosylate before reaction 


with sodium acetylide: 
YY 


1) TsCl, py 
2) HC=CNa 


(c) When we compare the starting and final compounds, 
we observe three differences: the halide is gone, there is 
a ketone functional group, and the carbon chain in the 
product is shorter by one carbon atom (the starting 
material has eight carbon atoms, and the product has 
only seven carbon atoms). These changes can be 
accomplished via an ozonolysis process, which requires 
an alkene starting material. Numbering the carbon atoms 
is a helpful way to keep track of the original carbon 
skeleton: 


oO 8 
p ee Pw oe 
2 4 6 2 4 6 
1 3 5 7 1 3 5 7 


The x bond in the required alkene can be formed by a 
Hofmann elimination of the given alkyl halide starting 
material, by treatment with a sterically hindered base, 
leading to the following synthesis: 


pw DUK 
————- 
2) O3 


3) DMS 
MN 


(d) The starting material has one more carbon atom than 
the product (numbering the carbon atoms is a helpful 
way to keep track of the original carbon skeleton). 
Therefore, our synthesis must employ an ozonolysis 
process. Since the product is a carboxylic acid (rather 
than an aldehyde or ketone), we can conclude that the 
last step of our process must involve ozonolysis of an 
alkyne, rather than ozonolysis of an alkene: 


1 O 1 
gel LA 
3 5 "OH 3 5 


2 4 2 4 


Ó 


1) 04 
2) DMS 


The required alkyne can be prepared from a dibromide 
that leads back to the given starting material: 
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Now let's draw the forward process. The synthesis 
begins by converting the alkene to an alkyne — by first 
treating with Bro, giving a dibromide, followed by 
treatment with excess sodium amide (and then water 
workup). At this point, ozonolysis of the alkyne produces 


the desired target molecule: 
pe 
OH 


Br; 5) H20 1) O3 
2) H20 


PS 


(e) The desired transformation must lengthen the carbon 
chain by two carbon atoms, and there is a new double 
bond. To begin the retrosynthesis, we ask, “What starting 
material can be used to make an alkene?” Table 11.1 
helps us consider our options. A x bond can be made by 
an elimination reaction, or by partial reduction of an 
alkyne. Selecting an alkyne is a logical choice, because 
only an alkyne structure is suitable for making the 
required C-C bond disconnection: 


O~ => os 
Ome 2088s 


Electrophile Nucleophile 


1) Bro 
2) xs NaNH; 


1) xs NaNH; 
2) H20 


Now let's draw the forward process. The synthesis 
begins with an alkylation reaction, by treating the 
starting material with sodium acetylide. The resulting 
alkyne is treated with molecular hydrogen in the 
presence of a poisoned catalyst (such as Lindlar’s 
catalyst) to produce the desired alkene target molecule: 


1) HC=CNa 
— —— 
CI 2) Ha, 
Lindlar's cat. 
a. 
H2 
NN Lindlar's cat. 
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(f) The starting material has one more carbon atom than presence of a poisoned catalyst (such as Lindlar’s 
the product. Therefore, our synthesis must employ an catalyst): 
ozonolysis process. Formation of an aldehyde product 


; 1) Ho, 
requires an alkene starting material. Numbering the Lindlar's cat O 
carbon atoms is a helpful way to keep track of the JL 4 o pa 
original carbon skeleton: 3 ame H 
1 (0) 1 
ake Je ex d e Ho, pv 1) O3 
sae” ee C Ge Lindlar's m. JDS 
cat. 


The required alkene can be formed by treatment of the 
alkyne starting material with molecular hydrogen in the 


11.6. When we compare compounds 1 and 2, we see that there are three carbon atoms in the side chain of compound 1, 
and there are five carbon atoms in the side chain of compound 2, so the carbon skeleton is changing. This requires a 
reaction in which a C-C bond is formed, thereby achieving the installation of a two-carbon fragment: 


H3C Mann, 


The only reaction we know (so far) that can install more than one carbon atom on an existing carbon skeleton is the 
reaction of an alkynide anion with an appropriate substrate bearing a good leaving group. An alcohol is not a good 
substrate for the required Sn2 reaction; however, conversion of the alcohol to a tosylate creates a good leaving group. 
Addition of an alkynide anion (specifically the acetylide anion) makes a new carbon-carbon bond and gives the desired 
five-carbon skeleton of the substituent. The resulting alkylation product (a terminal alkyne) can then be subjected to 
Markovnikov hydration to produce the desired methyl ketone. 


1) TsCl, pyridine 


2 — 
E akc ) NaC=CH nid 
3) H9gSOA, H5S04, H5O 


^Y on NaC=CH > TOS 


11.7. 

(a) The starting material has five carbon atoms, and the 
product has eight carbon atoms. So our synthesis must 
involve the installation of three carbon atoms. In 
addition, the identity of the functional group must be 
changed (from a triple bond to a cis double bond). To 
begin the retrosynthesis, we ask: “What starting material 
can be used to make a cis alkene?” The cis alkene can be 
prepared by partial reduction of the corresponding 
alkyne, and the alkyne structure is suitable for making 
the required C-C bond disconnection: 


Nucleophile Electrophile 
Reduction of the alkyne (to give an alkene) must be the 
last step of our synthesis, because if we first reduce the 
triple bond, then we would not be able to perform the 
alkylation step. The alkylation step must be performed 
first, followed by reduction of the alkyne (with a 
poisoned catalyst), as shown here: 


1) NaNH; 
Z 23 ~v] — 
PE e 
) H2, 
Lindlar's catalyst 
ene ee 
I 
a catalyst 
OMM 
Z 


ANZ 


(b) The starting material has five carbon atoms, and the 
product has seven carbon atoms. The retrosynthesis of 
the alkyne target molecule begins by making a C-C bond 
disconnection adjacent to the triple bond. This 
disconnection is logical because it brings us to an alkyl 
halide that has five carbon atoms (a carbon chain that is 
the same length as the given starting material): 


Electrophile Nucleophile 
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To continue the retrosynthesis, we ask: “What starting 
material can be used to make an alkyl halide?” Selecting 
an alkene is a logical choice, because the alkene, in turn, 
can be prepared from the given alkyne starting material: 


Pe SS ORS 


N 


Z 


To draw the forward process, we can convert the starting 
alkyne into an alkyl halide (via hydrogenation with a 
poisoned catalyst followed by an anti-Markovnikov 
addition of HBr). If this alkyl halide is treated with 
acetylide, the desired product is formed: 


1) H2, 
Za Lindlar's cat. BA 
2 7 
d 2) HBr, ROOR 
3) HC=CNa 
Ha 9 z 
Lindlar's H—CzC: 
e 
catalyst Na 
SN HBr 
ROOR 
Br 


(c) The starting material has one more carbon atom than 
the product. Therefore, our synthesis must employ an 
ozonolysis process. Since the product is a carboxylic 
acid (rather than an aldehyde or ketone), we can 
conclude that the last step of our process must involve 
ozonolysis of an alkyne, rather than ozonolysis of an 
alkene: 
(0) 


ae 
1 ~OH x en 


This alkyne can be prepared directly from the starting 
material upon treatment with excess sodium amide 
(followed by water workup). The complete synthesis is 
shown here: 


Br o 
Br 4) xs NaNH; 
———————- 

2) H20 9H 
3) Os 

4) H20 

| 4) xs NaNH> Z 1) O; 
2) H20 Ge 2) H20 
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(d) The starting material has six carbon atoms, and the 
product has nine carbon atoms. So our synthesis must 
involve the installation of three carbon atoms. Also, the 
location of the functional group has been changed. The 
product is a trans alkene, so to begin the retrosynthesis, 
we ask: “What starting material can be used to make a 
trans alkene?” The trans alkene can be prepared via a 
dissolving metal reduction of the corresponding alkyne, 
and the alkyne structure is suitable for making the 
required C-C bond disconnection: 


b dd d x. 
ve 


Electrophile Nucleophile 


This alkyl bromide can be made from the starting alkene 
via an anti-Markovnikov addition of HBr. Subsequent 


treatment with the appropriate alkynide ion, followed by 
a dissolving metal reduction, completes the synthesis: 


1) HBr, ROOR Su. 
SACS ) HBr. P Xl x 
2) H3C —C—CNa 
3) Na, NH3 (/) 
HBr, Na, 
ROOR 5 NH3 (A 
Na 


(e) The product has two more carbon atoms than the 
starting material, and the location of the functional group 
has changed. The retrosynthesis of the alkyne target 
molecule begins by making a C-C bond disconnection 
adjacent to the triple bond: 


wt =P m. 
Br 


Electrophile Nucleophile 
This alkyl halide can be made from the starting material 
by first moving the location of the z bond, followed by 
anti-Markovnikov addition: 


1) HBr, ROOR 
2) t-BuOK BA 
_ oe 
C=C: 
© 
Na 
Br 


—— 
pe 3) HBr, ROOR “ho 
4) HC=CNa 


1) HBr, ROOR H— 
2) t-BuOK 
SN HBr 
ROOR 
(f) The starting material has one more carbon atom than 
the product. Therefore, our synthesis must employ an 


ozonolysis process. Formation of an aldehyde product 
requires an alkene starting material: 


2 
[9] [os 


This alkene can be prepared from the starting material by 
converting the alcohol to a tosylate, and then performing 
an E2 reaction with a sterically hindered base (giving the 
less-substituted, Hofmann alkene). Note that an acid- 
catalyzed dehydration (E1 process) would have given the 
more-substituted, Zaitsev product, along with 
rearrangement products. Finally, ozonolysis of the 
alkene produces the desired aldehyde target molecule: 


H 


OH H 
1) TsCl, pyridine 
2) t-BuOK oO 
— > 
3) 0s 
4) DMS 
1) TsCI, 
pyridine 
2) t-BuOK 


1) 05 


oe 2) DMS 


11.8. As with all synthesis problems, we must consider 
the following two questions: 

1) Is there is a change in the carbon skeleton? 

2) Is there a change in the identity or location of any 
functional groups? 

To answer the first question, we can assign numbers to 
the carbon atoms, and we see that one carbon atom (a 
methyl group) must be installed during this 
transformation. To answer the second question, there is a 
change in the identity of a functional group, because the 
carbon-carbon double bond in the starting material has 
been replaced by a carbon-carbon triple bond in the 
product. 


2 


The retrosynthesis of the alkyne target molecule begins 
by making a C-C bond disconnection adjacent to the 
triple bond: 


x 6 
Sus R => Su R 
Ser I—CH3 + ^w 
= òt 2 
Electrophile ^ Nucleophile 


OMe 
R = ro 
UE OMe 


The required alkyne can be prepared from the alkene 
starting material using a two-step process: bromination 
followed by elimination (which requires aqueous workup 
to produce a neutral product). Alkylation of the resulting 
terminal alkyne can then be accomplished using a strong 
base and an appropriate methyl substrate, such as methyl 
iodide. 
1) Bro, CCly INS 


Su 
po 2) xs NaNH> ee: 
1 3) H20 : 
z 4) NaNH> Z 
Br; 5) CHal 1) NaNH; 
2) CHsI 
Br 1)xSNaNH ans 
—————— 
A 2) H20 Suk 


wW 
m 
[n 
nn 


OMe 
R= piste 
os OMe 


Notice that steps 3 and 4 can be omitted. The purpose of 
the water in step 3 is to protonate the alkynide ion (after 
both eliminations have occurred), but an alkynide ion is 
prepared in step 4 by deprotonation with NaNHo. Thus, 
a more efficient synthesis would omit these steps, as 
shown here: 


Se 
1) Bro, CCl 
Ce MU TAL NT SES AR 
i 2) xs NaNH; i 
7 3) CHI x 
[e CHsI 
Br 
xs NaNH> © 
AF RENE 
Br Z Z 
11.9. 


(a) The product is an epoxide, which can be made from 
an alkene: 
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N” Z|. => LOR 
i9) 


So the last step of our synthesis will likely be conversion 
of the alkene into the epoxide. 

Now let's work forward from the starting material. The 
starting material has only four carbon atoms, while the 
product has six carbon atoms, so two carbon atoms must 
be installed. This can be achieved via an alkylation 
process: 


AOSA N Br ae R 
| HC=CNa | RCO;H 
SN [NANTI 


Now we must bridge the gap between the alkyne and the 
alkene. This can be achieved in one step, via 
hydrogenation with a poisoned catalyst. In summary, the 
desired transformation can be achieved with the 
following synthesis: 


pw 1) HC=CNa 
Br 2)Ha, i 
Lindlar's cat. 
o 9 RCOHH 
HC=c: Roe 
Na 
Ha, 
S Lindlar's 
cat. 


(b) The product is a methyl ketone, and we have seen 
that a methyl ketone can be prepared from an alkyne (via 
acid-catalyzed hydration): 


(0) 
ES 2d 
This alkyne can be prepared directly from the starting 
material upon treatment with excess sodium amide 


(followed by water workup). In summary, the desired 
transformation can be achieved with the following 


synthesis: 
Br Br 1) xs NaNH; [9] 
2) H20 
—————— 
3) H5SO4, H50, 
HgSO4 
1) xs NaNH» ded 
2) HO 20, 
dic Z HgSO4 


e. 
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(c) The starting material has four carbon atoms, and the 
product has six carbon atoms. So our synthesis must 
involve the installation of two carbon atoms. To begin 
the retrosynthesis, we ask: “What starting material can 
be used to make a cis alkene?” The cis alkene can be 
prepared by partial reduction of the corresponding 
alkyne, and the alkyne structure is suitable for making 
the required C-C bond disconnection: 


v= ts 


\ NZ 
òt O 
I SN 
/ " E 
Electrophile Nucleophile 


The required alkyne can be prepared from the alkene 
starting material using a two-step process: bromination 
followed by elimination (which requires aqueous workup 
to produce a neutral product). 


O Br Br 4) xs NaNH> 3 
ZA a 2) H20 Soe 
(racemic) 


At this point, the alkylation step can be performed with 
ease, and the resulting alkyne can then be reduced via 
hydrogenation in the presence of Lindlar’s catalyst to 
generate the desired cis alkene: 


1) Br; 
2) xs NaNH5 
4) NaNH; 
5) EtI Ha, 
Br; 6) Ho, , Lindlar's 
Lindlar's cat. catalyst 


Br 
PS 
SS 
Tu N N_ 


(racemic) A NaNH, 
1) xs NaNH2 SS eyed 
2) H20 En d 


Notice that steps 3 and 4 can be omitted. The purpose of 
the water in step 3 is to protonate the alkynide ion (after 
both eliminations have occurred), but an alkynide ion is 
prepared in step 4 by deprotonation with NaNHo. Thus, 
a more efficient synthesis would omit these steps, as 
shown here: 


1) Bro 
x. 2) xs NaNH? / = 
3) EtI 
4) H5, 
Lindlar's cat. . Hə, 
Br? Lindlar's 
catalyst 
Br 
1)xsNaNH; 2 ANS 
x 2) EtI S 
Br NZ 
(racemic) 


(d) The starting material has six carbon atoms, and the 
product has three carbon atoms. Therefore, our synthesis 
must employ an ozonolysis process. Formation of a 
ketone product requires an alkene starting material, and 
ozonolysis of the alkene shown would produce two 
equivalents of the ketone target molecule: 


The required alkene can be made from the given starting 
material by moving the location of the x bond. This is 
achieved with a Markovnikov addition of HBr, followed 
by E2 elimination with a strong base (such as hydroxide, 
methoxide, or ethoxide) to give the Zaitsev product. 


1) HBr 
N 2) NaOMe ? 
3) O5 


4) DMS 
»« DR 


2) DMS 


1) HBr 
2) NaOMe 


(e) Our retrosynthesis begins with a disconnection 
adjacent to the cyano group, at the C-C bond. Cyanide 
(N=C’) is a stable and familiar anion, so we will use 
cyanide as the nucleophile. The other carbon (at the 
disconnected bond) must have started out as an 
electrophile, so we draw a leaving group (such as Cl, Br, 
I or OTs) at that position. 


Electrophile Nucleophile 


Now let's work forward from the given starting material. 
The starting material is an alkane (no functional group), 
so we must first install a functional group. Radical 
bromination will selectively install a bromine atom at a 
tertiary position: 


e hv 


e dn. xc 


Now we must bridge the gap (by changing the position 
of the Br atom). This can be achieved in two steps: an E2 
reaction with a strong, sterically hindered base (to give 
the Hofmann product), followed by an anti-Markovnikov 
addition of HBr. In summary, the desired transformation 
can be achieved with the following synthesis: 


1) Bra, hv SN 
2) -BuOK 
3) HBr, ROOR 
: 4) NaCN 
r2 
NaCN 
n | ac 
p, Buk Br 
" 2) HBr, ROOR 


There are certainly other acceptable answers. For 
example, the anti-Markovnikov addition of HBr could be 
replaced with hydroboration-oxidation to give a primary 
alcohol. At that point, conversion of the alcohol into a 
tosylate makes a good leaving group before the final Sn2 
process with cyanide as the nucleophile: 
——————- 
4) H203, NaOH 


St Ri 
5) TsCl, py 


6) NaCN 
Bre 8) Na 4) TsCl, py 
hy 2) NaCN 


1) tBuOK OH 
Cr 2) BH3- THF M» 
3) H205, NaOH 


(f) In this transformation, the carbon chain has been 
extended, and a carboxylic acid functional group has 
been generated. Referring to Table 11.1, we can 
conclude that in order to make a carboxylic acid target 
molecule, the last step of our process must involve 
ozonolysis of an alkyne. 


O 
Z 
ce xd AVAL. 


3 


1) Bra, Av 
2) -BuOK 
3) BH4-THF 
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Continuing with our retrosynthetic analysis, the alkyne 
structure is suitable for making the required C-C bond 
disconnection: 


a 
=> Ôt + L 
xX n. FA 
r 
Electrophile Nucleophile 


Now let's see where we are, compared to the given 
starting material: 


NZ 


HC=CNa L 
N ABr — Z 
To bridge the gap, we must perform an anti- 


Markovnikov addition of HBr, which can be achieved in 
one step. In summary, the desired transformation can be 
achieved with the following synthesis: 


1) HBr, ROOR O 
2) HC=CNa geek 
ZA 
4) H20 
HBr 1) Og 
ROOR 2) HO 
H—-C=C% Na Z 


In this case, the carbon chain was lengthened by two 
carbon atoms (via an alkylation reaction), and then it was 
shortened by one carbon atom (via ozonolysis), resulting 
in one additional carbon atom in the target molecule. 


(g) The product is a halohydrin, which can be made 
from the following trans alkene: 


So the last step of our synthesis will likely be conversion 
of this alkene into the halohydrin. 

Now let’s work forward from the starting material. The 
starting material has only two carbon atoms, while the 
product has six carbon atoms. Two alkylation processes 
are required: 
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Z Br 
1) NaNH; ^ 
2) Etl TIENS 
OH «En 
AM 
BZ 
ears [s 
P di ? 
a a MAI 
Su 


Now we must bridge the gap (between the internal 
alkyne and the trans alkene). This can be achieved in 
one step, via a dissolving metal reduction. In summary, 
the desired transformation can be achieved with the 
following synthesis: 


1) NaNH; Br 
2) Etl 
ZA 2s 
Z 3) NaNH; 


4) Et OH 
NaNH; 
5) Na, NH 

pa E ) Na, NH3 (/) 


6) Brz, H20 
Pm 


1) NaNH» 
2) Etl P Nr 
COND di 


(h) In this case, the carbon skeleton remains the same. 
The starting material is an alkane (no functional group) 
so we must begin our synthesis by installing a functional 
group. Radical bromination will selectively install a 
bromine atom at the tertiary position, giving the 


following tertiary alkyl halide: 
E EN 
hv 


Now we must change both the location and the identity 


of the functional group. We can move the functional 
group into the right location through the following series 


of reactions: 
OAR 
Elimination 


Elimination 
) Addition ; à 
— ————— 


And then finally, the double bond can be converted to 
the triple bond via the following two-step process: 


r 
1) xs NaNH; £ E 
2) HO TIT 
Br 


In summary, the desired transformation can be achieved 
with the following synthesis: 


1) 
2) 
)^ 3) HBr, ROOR >= 
4) -BuOK 
5) 
6) 
7) 


Bro 
| Bro, xs NaNH; 1) Bra 
hv H20 2) xs NaNH; 
3) H20 


2) t-BuOK 


NaOEt ; ) HBr, ROOR 


(i) When we compare the starting and final compounds, 
we observe two differences: the alcohol functional group 
is gone, and the carbon chain in the product is longer by 
two carbon atoms. The retrosynthetic analysis of the 
target molecule asks: “What starting material can be used 
to make an alkane?" Referring to Table 11.1, we see that 
alkanes can be made by catalytic hydrogenation of an 
alkene or an alkyne. Selecting an alkyne is a logical 
choice, because only an alkyne structure is suitable for 
making the required C-C bond disconnection: 


Z 
PERL aa tne DAE. 


N 
W. & 


Br 


Electrophile Nucleophile 


Now let’s see where we are, compared to the given 
starting material: 


OH 
p d SUPER 
b Ho, Pt 
HC=CNa Z 


7B VER, 


f 
To bridge the gap, we must change the position of the 
functional group. That can be achieved with a two-step 
process (elimination, followed by addition). Acid- 


catalyzed dehydration of the alcohol, followed by an 
anti-Markovnikov addition of HBr generates the required 


alkyl bromide. In summary, the desired transformation 
can be achieved with the following synthesis: 


1) conc. H2SO4, heat 
OH 2) HBr, ROOR 
3) HC=CNa 


ZA ™ 
4) Ha, Pt 
1) conc. H2SO4, heat H^, Pt 
2) HBr, ROOR i 
u-czd Na BA 


N ABr — 


There are certainly other acceptable answers. For 
example, the anti-Markovnikov addition of HBr could be 
replaced with hydroboration-oxidation to give a primary 
alcohol. At that point, conversion of the alcohol into a 
tosylate makes a good leaving group before the Sn2 
process with acetylide as the nucleophile: 


1) conc. H2SO,4, heat 
OH  2)BH4-THF 

3) H205, NaOH 

4) TsCl, py 

5) HC=CNa 

6) H5, Pt 


POO WSIS 


1) conc. H5SO4, heat 
2) BH3: THF 
3) H205, NaOH 


Ho, Pt 


1) TsCI, py Za 


~~ o# 2)HC=CNa” ^ ^v 


(j) The starting material has four carbon atoms, and the 
product has six carbon atoms, so our synthesis must 
involve the installation of two carbon atoms. The product 
is an aldehyde, so to begin the retrosynthesis, we ask: 
“What starting material can be used to make an 
aldehyde?" Referring to Table 11.1, we see than an 
aldehyde can be prepared by ozonolysis of an alkene, or 
by an anti-Markovnikov hydration of an alkyne. In this 
case, we are not shortening the carbon chain, so 
ozonolysis is not a reasonable option, and the alkyne 
starting material is the better choice. In addition, the 
corresponding alkyne structure is suitable for making the 
required C-C bond disconnection: 


6 
2 
1 3 
ot 
Br 


A 


H 


5 
+ L 
of 


Electrophile ^ Nucleophile 
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Now let's work forward from the given starting material. 
The starting material is an alkane (no functional group), 
so we must first install a functional group. Radical 
bromination will selectively install a bromine atom at a 


tertiary position: 
py 
Br? 1) R;BH 
hv 2) H505, NaOH 
pu 
? 
HC=CNa 
SUE od 


To bridge the gap, we must change the position of the Br 
atom. That can be achieved with a two-step process 
(elimination, followed by addition). Treatment of the 
tertiary bromide with a strong base (such as hydroxide, 
methoxide, or ethoxide), followed by an anti- 
Markovnikov addition of HBr to the resulting alkene, 
generates the required alkyl bromide. In summary, the 
desired transformation can be achieved with the 
2) NaOEt 


following synthesis: 
AIAR 
3) HBr, ROOR 


4) HC=CNa 1) RaBH 
5) RBH 2) H505, NaOH 


6) H505, NaOH 
p 


n 
xit o 


As demonstrated in part (1), there are other acceptable 
answers. For example, the anti-Markovnikov addition of 
HBr could be replaced with hydroboration-oxidation to 
give a primary alcohol. At that point, conversion of the 
alcohol into a tosylate makes a good leaving group 
suitable for the Sn2 process with acetylide as the 
nucleophile. 


1) Bro, hv 


1) NaOEt 
2) HBr, ROOR 
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11.10. Each of the following syntheses is one suggested synthetic pathway. There are other acceptable approaches that 
accomplish the same goals. 

Each of the target compounds has a nine carbon linear chain, and our reagents must be alkenes with fewer than six 
carbon atoms. Thus, it is clear that we will be forming new C-C bonds in the course of this synthesis. The figure below 
outlines a retrosynthetic analysis for our target compound. An explanation of each of the steps (a-h) follows. 


d IE N 
NNN Nz 
PRAKLS 
Jr BR s 
=E aa e d \Je 


a. Either of the products can be prepared from a common synthetic intermediate, 1-nonyne, by hydration of the 
alkyne via (a) Markovnikov hydration, or (a^) anti-Markovnikov hydration. 

b. The terminal alkyne can be prepared via reaction of 1-bromoheptane with an acetylide anion (formed by 

deprotonating acetylene). 

Acetylene is prepared via a double elimination from 1,2-dibromoethane. 

1,2-Dibromoethane is prepared via bromination of ethylene (a suitable starting material). 

1-Bromoheptane is prepared via anti-Markovnikov addition of HBr across 1-heptene. 

1-Heptene is prepared via hydrogenation of 1-heptyne in the presence of a poisoned catalyst. 

1-Heptyne is prepared via reaction of 1-bromopentane with an acetylide anion. 

1-Bromopentane is prepared via anti-Markovnikov addition of HBr across 1-pentene (a suitable starting 

material). 


So AKAD 


Now, let's draw the forward scheme. In the presence of peroxides, the reaction of 1-pentene with HBr produces 
1-bromopentane (via anti-Markovnikov addition). Subsequent reaction with acetylide [produced from ethylene as 
shown by bromination (Br2), double elimination and deprotonation (excess NaNH»)] provides 1-heptyne. Reduction to 
the alkene (H»/Lindlar's catalyst) followed by anti-Markovnikov addition of HBr (HBr/peroxides) yields 1- 
bromoheptane. This primary alkyl bromide can then undergo an Sn2 reaction when treated with acetylide (prepared 
above), giving the common intermediate, 1-nonyne. A hydroboration-oxidation protocol (R2BH then H202, NaOH) 
produces the target aldehyde, while an acid-catalyzed hydration (in the presence of mercuric sulfate) gives the target 
ketone. 


Bro Br 
a SN Br NaN 
reese 
HC=CNa p H 
AO. er AN e» P F ee ae 
ROOR Lindlar's 
catalyst HBr 
o 1) RoBH ROOR 
ANANA NS NZ 
2) H20 = 
O [s p d puru. ge ee a 


P oe ee 4:594 HO H20 


HgS04 
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11.11. Most of the following reactions are addition reactions, which can be found in Chapter 8. The following 
reagents can be used to achieve each of the transformations shown: 


Br 
PM NM Br 
OH 
H2 
Pt t- y. 
(racemic) P ul 
Br uo S 
IBH: THF THF 
— 2)H,04 NaOH H202, NaOH 
OH cat. OsO4 
NMO e Br (racemic) OF 
i 2 
(racemic) OH 
Br 
OH 
(racemic) (racemic) Br 
Br 


11.12. Most of the following reactions involve alkynes, which can be found in Chapter 9. The following reagents can 
be used to achieve each of the transformations shown: 


EN om d 


2H N H20 


Br 


Br. Br 
Br 


xs No xsHBr 7 


Br 
1} O3 
2) H20 
1) NaNH2 
ES NaNH; 2) MeI 


2) H20 
Ho, m Na, NH3 (/) 
T 
| Ha Pt 


oer 


O=0=0 
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11.13. The product can be made from 1-butene, which 
can be made from 1-butyne: 


dcc E 
B S 
: 


1-Butyne can be made from acetylene and ethyl bromide 
via an alkylation process. And ethyl bromide can be 
made from acetylene: 


^g = Su 
LAM — n 
3m 
S 


In summary, the desired transformation can be achieved 
with the following synthesis: 


NaNH; 


/ mi Mae 
L Lindlar's cat. =C; Na 
2) HBr dii. 

ZU 


Acetylene 


HBr pw H5 
pot Lindlar's 
Br 


cat. 
11.14.  1-Bromobutane can be made from 1-butyne, 
which can be made from acetylene and ethyl bromide via 
an alkylation process: 


Apr 
= N => á 


AST Bar SN 
Sm 


And ethyl bromide can be made from acetylene: 


ay => > 


In summary, the desired transformation can be achieved 
with the following synthesis: 


NaNH; 


/ 1) Ho, : 


oO QG 
Lindlar's cat. HC=C: Na 
ZA ————————— 
iia S 


2) HBr 
Acetylene 
N Si 
Sum 
HBr Ho, 
<< ZA 
HOST BE ERR E SI rias. 


cat. 


11.15. 

(a) The identity of the functional group (OH) has not 
changed, but its location has changed. We have seen that 
this type of transformation can be accomplished via a 
two-step process (elimination, followed by addition): 


Addition OH 


—— 


ZA 


Elimination 
——————»- 


OH 


For the first part of our synthesis (elimination), we 
consider making the alkene either by acid-catalyzed 
dehydration of the alcohol or by E2 elimination. In this 
case, the alkene is monosubstituted (it is not a stable, 
highly substituted alkene), so it cannot be synthesized in 
high yield by dehydration of an alcohol. Therefore, we 
must convert the alcohol to a tosylate before performing 
an E2 elimination process. 

Then, for the elimination, we must use a sterically 
hindered base, tert-butoxide, in order to obtain the less- 
substituted alkene (Hofmann product). For the second 
part of our synthesis, we must perform an anti- 
Markovnikov addition of H and OH. This can be 
achieved via hydroboration-oxidation, or alternatively, it 
can be achieved by anti-Markovnikov addition of HBr 
followed by an Sn2 process (with hydroxide as a 
nucleophile) to give the desired alcohol. 

The entire process is summarized here: 


1) TsCl, pyridine 


OH 
2) t-BuOK BN 
3) BH3- THE 
OH 4) H205, NaOH 
1) TsCI, 
pyridine 1) BHs- THF 
2) -BUOK 2) H202, NaOH 
ZA 


(b) The product is a methyl ketone, which can be made 
from an alkyne (via acid-catalyzed hydration): 


S 
O 


This alkyne can be made from the starting alkene via a 
two-step process (bromination, followed by elimination 
with excess sodium amide): 


1) Br; 
2) xs NaNH; 


De 
3) H50 


4) H2504, H20, o 
Br? HgSO, 
| H5SO4, H2O 


HgSO, 
1) xs NaNH; T 
— y 


Br = 2) H2O S 
Br 


11.16. We must move the location of the x bond, and 
we have seen that this can be achieved via a two-step 
process (addition, followed by elimination). The 
addition step must occur in an anti-Markovnikov 
fashion, which can be achieved by treating the starting 
material with HBr in the presence of peroxides. The 
elimination process must give the less substituted alkene, 
so a sterically hindered base is required: 


1) HBr, ROOR 
2) t-BuOK 


Alternatively, the addition of HBr can be replaced with 
hydroboration-oxidation (addition of H and OH), which 
is also an anti-Markovnikov addition. In that scenario, 
the resulting alcohol must first be converted to a tosylate 
before the elimination step can be performed. 


11.17. Let's begin by drawing the starting material and 
the product, so that we can see the desired transformation 
more clearly: 


ee 


2-bromo- 
2-methylbutane 


3-methyl-1-butyne 


In this case, the identity and the location of the 
functional group have changed. During our synthesis, the 
functional group (Br) must be relocated, AND it must be 
converted into a triple bond. Moving the functional 
group can be achieved via elimination (to give the 
Zaitsev product) followed by addition (in an anti- 
Markovnikov fashion). 


Br Elimination 
ZA 


Then, changing the identity of the functional group can 
be achieved via the following three-step process: 


Addition 
—> 


Br 
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— 9 
Y^ Z 
f tiiran 


Elimination 
Bromination 
P » 


The necessary reagents are shown here: 


Br 1) NaOMe 
RM 2) HBr, ROOR — 
3) t-BuOK m 
5 4) Bt 
NaOMe 5) xs NaNH; 1) xs NaNH> 
6) HO 2) H20 
awk Br 
HBr, 
ROOR Bof the 
t-BuOK 
NS 
Br 
11.18. 


(a) The starting material has one more carbon atom than 
the product. Therefore, our synthesis must employ an 
ozonolysis process. Since the product is a carboxylic 
acid (rather than an aldehyde or ketone), we can 
conclude that the last step of our process must involve 
ozonolysis of an alkyne, rather than ozonolysis of an 


alkene: 


This alkyne can be made from the starting alkene via a 
two-step process (bromination, followed by elimination 
with excess sodium amide). The complete synthesis is 


= 105. __ 
SS ^2 H0 H20 


shown here: 
p ES 
ZA 2}xs NaNH; OH 
3) H50 
4) 03 o 
Bro 5) HO 
1) 04 
2)H50 
1} xs INANE: P 
2o SN 
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(b) In this transformation, the carbon chain has been 
extended and a carboxylic acid functional group has been 
generated. Referring to Table 11.1, we can conclude that 
in order to make a carboxylic acid target molecule, the 
last step of our process must involve ozonolysis of an 


alkyne. 
Z^ 
Sah W —> 


Continuing with our retrosynthetic analysis, the alkyne 
structure is suitable for making the required C-C bond 
disconnection: 


PT =; 6+ 


Electrophile Nucleophile 


This last retrosynthetic step led us to the given alkyl 
bromide starting material. The forward process 
(alkylation, followed by ozonolysis) is shown here: 


N O 
di di 1) HC=CNa put 
2)04 OH 
3) HO 
HC=CNa 1) 05 


2) H20 


In this synthesis, the carbon chain was lengthened by two 
carbon atoms (via an alkylation reaction), and then it was 
shortened by one carbon atom (via ozonolysis), resulting 
in one additional carbon atom in the target molecule. 


(c) In this transformation, the carbon chain has been 
extended and an aldehyde functional group has been 
generated. Referring to Table 11.1, we observe that an 
aldehyde target molecule can be prepared via an anti- 
Markovnikov hydration of an alkyne: 


Another option shown in Table 11.1 reveals that the 
aldehyde can be prepared via ozonolysis of an alkene. 
The alkene, in turn, could be prepared by partial 
reduction of the corresponding alkyne: 


lx dm 
pr 


N 


In either case, working backward to an alkyne is 
necessary, because only an alkyne structure is suitable 
for making the required C-C bond disconnection. When 
comparing the two possible alkyne structures, we find 
that only one of them has a reasonable disconnection that 
leads back to the given alkyl bromide starting material: 


Therefore, the second retrosynthetic analysis we 
considered is the only feasible one. Based on that plan, 
the synthesis is achieved in three steps: alkylation with 
sodium acetylide, reduction of the alkyne to an alkene by 
hydrogenation in the presence of a poisoned catalyst, and 
ozonolysis to give the aldehyde target molecule: 


u oO 
E. Br 1) HC=CNa PS 
2) Ho, H 
Lindlar's cat. 
= 3)04 1) 0$ 
HC=CNa 
4) DMS 2) DMS 
P i a p 
Lindlar's "us 


cat. 


(d) The starting material has four carbon atoms, and the 
product has six carbon atoms, so our synthesis must 
involve the installation of two carbon atoms. The 
retrosynthetic analysis of the target molecule asks: 
*What starting material can be used to make an alkene?" 
Referring to Table 11.1, we see that an alkene can be 
made by an elimination reaction (starting with an alkyl 
halide or an alcohol) or by partial reduction of an alkyne. 
Selecting an alkyne is a logical choice, because only an 
alkyne structure is suitable for making the required C-C 
bond disconnection: 


EN 


— xL 
> 


eee Nucleophile 
Now let’s work forward from the given starting material. 
The starting material is an alkane (no functional group), 
so we must first install a functional group. Radical 
bromination will selectively install a bromine atom at a 
tertiary position: 


Aw 


Bro H5 
hv Lindlar's cat. 


Auf 


4 / hena 
> Jee 


To bridge the gap, we must change the position of the Br 
atom. That can be achieved with a two-step process 
(elimination, followed by addition). Treatment of the 
tertiary bromide with a strong base (such as hydroxide, 
methoxide, or ethoxide), followed by an anti- 
Markovnikov addition of HBr to the resulting alkene, 
generates the required alkyl bromide. The primary alkyl 
halide is then treated with sodium acetylide to give an 
alkylation process. The resulting terminal alkyne can be 
hydrogenated in the presence of a poisoned catalyst to 
give the desired alkene: 


1) Bro, hv 
ilk 2) NaOMe pu 
3) HBr, ROOR SS 
Brn ^ HC—CNa 
hv 5) H2, Lindlar's cat. Ho, 
Lindlar's cat. 


Br 
1) NaOMe / uc no 
2) pes zi 


HBr, 
ROOR 


As demonstrated in problem 11.9(1, there are other 
acceptable answers. For example, the anti-Markovnikov 
addition of HBr could be replaced with hydroboration- 
oxidation to give a primary alcohol. At that point, 
conversion of the alcohol into a tosylate makes a good 
leaving group before the Sn2 process with acetylide as 
the nucleophile. 


(e) The starting material has three carbon atoms, and the 
product has five carbon atoms. We can install two carbon 
atoms by treating the starting material with sodium 
acetylide: 


Br. Br 
Pau —— p 
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To bridge the gap, we observe that the triple bond is 
gone, two Br atoms have been added and two H atoms 
have been added. The geminal dihalide can be prepared 
in one step from the terminal alkyne, by treatment with 
excess HBr: 


Br, Br 
1) HC=CNa 


B 
SEES 2)xs HBr pL. 
HC=c: Na? Z QE 
AC LIT 


11.19. We begin by drawing the desired products, a pair 
of enantiomers: 


OH OH 


OH OH 


These compounds have five carbon atoms, but our 
starting materials can contain no more than two carbon 
atoms. So our synthesis must involve the formation of 
carbon-carbon bonds. This can be accomplished via the 
alkylation of acetylene (a compound with two carbon 
atoms). The retrosynthetic analysis of the target molecule 
asks: “What starting material can be used to make a 1,2- 
diol with the required stereochemistry?” The two OH 
groups in the target molecule can be prepared from either 
the trans or cis alkene: 


OH 


ANNO. or 
+ syn dihydroxylation + anti dihydroxylation 
Either alkene can be prepared from an alkyne, and the 
alkyne is suitable for making the required C-C bond 
disconnections: 


EAS E p s 
v — 27 7 a > 
ZTN 


Now let’s consider the forward process. Acetylene can 
be converted to 2-pentyne by two successive alkylation 
processes. Conversion of the internal alkyne into the 
desired product requires the addition of H and H to give 
an alkene, followed by the addition of OH and OH. In 
order to achieve the correct stereochemical outcome, one 
of these addition processes must be performed in a syn 
fashion, while the other must be performed in an anti 
fashion. In one answer shown below, the reduction is 
performed in an anti fashion, while the dihydroxylation 


N 
N 
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process is performed with syn addition. In the other 
answer shown below, the reduction is performed in a syn 
fashion, while the dihydroxylation process is performed 
with anti addition: 


OH 
pz 
d Aes + En 
1) NaNH OH 
^ Ef ? cat. OsO,, 
NMO 
1) RCO3H 
d 2) H0* 
A P S mS 
Na EN 
NHs (7) 
1) NaNH; Dux Ts 
2) Mel P d cat. 
11.20. We begin by drawing the desired products, a pair 


of enantiomers: 


These compounds have five carbon atoms, but our 
starting materials can contain no more than two carbon 
atoms. So our synthesis must involve the formation of 
carbon-carbon bonds. This can be accomplished via the 
alkylation of acetylene (a compound with two carbon 
atoms). The retrosynthetic analysis of the target molecule 
asks: “What starting material can be used to make a 1,2- 
diol with the required stereochemistry?” The two OH 
groups in the target molecule can be prepared from either 
the trans or cis alkene: 


OH 


A” 


T 
| 
Ws AM NC 


* syn dihydroxylation 


PL 
* anti dihydroxylation 
Either alkene can be prepared from an alkyne, and the 


alkyne is suitable for making the required C-C bond 
disconnections: 


di tae ANS 
Z ZA 
o => > AF > 
fom Se: 


Now let’s consider the forward process. Acetylene can 
be converted into 2-pentyne by two successive alkylation 
processes. Conversion of the internal alkyne into the 
desired product requires the addition of H and H to give 
an alkene, followed by the addition of OH and OH. In 
order to achieve the correct stereochemical outcome, 
both of these addition processes must be performed in an 
anti fashion, or both must be performed in a syn fashion, 
as shown below: 


OH 
Z - PN 2d 
1) NaNH; OH 
| 2) EtI co 
cat. OsO,, 
[<N NMO 
Z Pda e 
Na ee 
NH; (/) 
H2 
1) NaNH2 m^ TD B 
2) MeI Pd cat. 
11.21. 


(a) The starting material has four carbon atoms, and the 
product has six carbon atoms. So our synthesis must 
involve the installation of two carbon atoms. The 
product is a ketone, so to begin the retrosynthesis, we 
ask: “What starting material can be used to make a 
ketone?” Referring to Table 11.1, we see than a ketone 
can be prepared by hydration of an alkyne, and the 
alkyne structure is suitable for making the required C-C 
bond disconnection: 


6 (0) 6 
cl — E A. 
2 4 2 A 

1 3 5 1 3 


Electrophile Nucleophile 


The required alkyl bromide can be prepared from the 
given starting material by an anti-Markovnikov addition 
of HBr. In summary, the desired transformation can be 
achieved with the following synthesis: 


we 1) HBr, ROOR ENS 
2) HCZ CNa 
3) H9SO4, H20, 
HBr, HgSO4 H5SOA4, H50 
ROOR HgSO, 


Ne 
P H-C=c: "- 


There are other acceptable answers. For example, the 
anti-Markovnikov addition of HBr could be replaced 
with hydroboration-oxidation to give a primary alcohol. 
At that point, conversion of the alcohol into a tosylate 
makes a good leaving group before the Sn2 process with 
acetylide as the nucleophile. 


(b) The starting material has four carbon atoms, and the 
product has six carbon atoms, so our synthesis must 
involve the installation of two carbon atoms. The product 
is an aldehyde, so to begin the retrosynthesis we ask, 
“What starting material can be used to make an 
aldehyde?" Referring to Table 11.1, we see than an 
aldehyde can be prepared by ozonolysis of an alkene, or 
by an anti-Markovnikov hydration of an alkyne. In this 
case, we are not shortening the carbon chain, so 
ozonolysis is not a reasonable option, and the alkyne 
starting material is the better choice. In addition, the 
corresponding alkyne structure is suitable for making the 
required C-C bond disconnection: 


6 6 
ZA 
pev => A Xf 


1 3 5 


ot ZZ 
+ CF 
Br 


Electrophile | Nucleophile 


The required alkyl bromide can be prepared from the 
given starting material by an anti-Markovnikov addition 
of HBr. In summary, the desired transformation can be 
achieved with the following synthesis: 


1) HBr, ROOR 
p 2) HC=CNa 
3) RBH H 
4) HzO, NaOH 
HBr, o 
[ros 1) RoBH 


2) H202, NaOH 


Na 
py H—Cczc: Pe 


There are other acceptable answers. For example, the 
anti-Markovnikov addition of HBr could be replaced 
with hydroboration-oxidation to give a primary alcohol. 
At that point, conversion of the alcohol into a tosylate 
makes a good leaving group before the Sn2 process with 
acetylide as the nucleophile. 


(c) In this transformation, the carbon chain has been 
extended (by one carbon atom), and a carboxylic acid 
functional group has been generated. Referring to Table 
11.1, we can conclude that in order to make a carboxylic 
acid target molecule, the last step of our process must 
involve ozonolysis of an alkyne. Continuing with our 
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retrosynthetic analysis, the alkyne structure is suitable 
for making the required C-C bond disconnection: 


(0) 
Pd d 
<2 y OH OK 


ot ZZ 
+ KB 
Br 
Electrophile Nucleophile 


The required alkyl bromide can be prepared from the 
given starting material by an anti-Markovnikov addition 
of HBr. In summary, the desired transformation can be 
achieved with the following synthesis: 


1) HBr, ROOR 3 
p 2) HC=CNa ee Jl 
3) Os OH 
4) HO 
HBr, 
ROOR 1) 04 
2) H20 


| o Na 
PN H—C=c: Pp 


In this synthesis, the carbon chain was lengthened by two 
carbon atoms (via an alkylation reaction), and then it was 
shortened by one carbon atom (via ozonolysis), resulting 
in one additional carbon atom in the target molecule. 


(d) The starting material has one more carbon atom 
than the product. Therefore, our synthesis must employ 
an ozonolysis process. Formation of an aldehyde product 
requires an alkene starting material. Numbering the 
carbon atoms is a helpful way to keep track of the 
original carbon skeleton: 


1 Ò 1 
2-4 =>> 3 
4 4 
3 H 


3 


The required alkene can be formed by changing the 
position of the x bond in the given starting material 
(anti-Markovnikov addition of HBr, followed by 
elimination with a sterically hindered base to afford the 
Hofmann product), In summary, the desired 
transformation can be achieved with the following 
synthesis: 
1) HBr, ROOR 


Ò 

y» 2) -BuOK : ( 
3)0 

) Os 4 


4) DMS 
1) HBr, ROOR 3 / 


2) HBuOK 
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(e) The starting material is cyclic (it contains a ring) 
and the product is acyclic (it lacks a ring). So, we must 
break one of the carbon-carbon bonds of the ring. We 
have only learned one way (ozonolysis) to break a 
carbon-carbon bond. The retrosynthetic analysis of the 
target molecule asks: “What starting material can be used 
to make a product with both an aldehyde group and a 
ketone group?" Ozonolysis of an alkene generates C-O 
bonds, so we can draw the starting alkene by removing 
the two oxygen atoms from the product, and connecting 
the sp? hybridized carbon atoms as a C=C bond: 


be 


The required cycloalkene can be prepared from the 
starting material in just two steps. First, radical 
bromination can be used to selectively install a bromine 
atom at the tertiary position. And then, the resulting alkyl 
halide can be treated with a strong base (such as 
hydroxide, methoxide, or ethoxide) to give an E2 
reaction: 


1) Bro, Av 
2) NaOMe O O 
Or 
3104 BAH 
4) DMS 
Bro, hv 1 ) Os 
2) DMS 
Br 
NaOMe 
——- 


11.22. The product is a trans alkene, which can be made 
from an alkyne. So the last step of our synthesis might 
be a dissolving metal reduction to convert the alkyne into 
the product. This alkyne can be made from acetylene 
and 1-bromobutane via two successive alkylation 


processes: 
4 ZUM Br 
+ 


S Al pP 


1-Bromobutane can be made from 1-butyne, which can 
be made from acetylene and ethyl bromide via an 
alkylation process: 


Br 


V p (em AS 
S 


Finally, ethyl bromide can be made from acetylene: 
MAr => S 


In summary, the desired transformation can be achieved 
with the following synthesis: 


NaNH> 
4 Ad [9] 
daro ca cat. HC=C: Na 
HBr " 
E pos 


Su 
NaNH> 
eae 
cat. 


ZA 
re er ROOR OM 
p 1) NaNH> 
S 
SV 2) BOA 
AN 
Sk ee 
Os ee PL NN 
NH3 (f) 


11.23. We use the same approach taken in the previous 
problem. All carbon-carbon bonds are prepared via 
alkylation of an alkynide ion with the appropriate alkyl 
halide. Each alkyl halide must be prepared from 
acetylene. The last step of the synthesis is the reduction 
of an alkyne to a cis alkene via hydrogenation with a 
poisoned catalyst: 


NaNH2 


A 1) Ha, N o @ 
Z 


Lindlar's cat. 


2) HBr 
Acetylene 


NaNH; 
qM SR -«— —— 

HC=C: 
H2, 


DIN oo OOS I 
Su Lindlar's 


ed; HBr, 
NaNH; o @ ROOR 


1) NaNH; 
SD 


A ™ 
I 


"NE UM 


Lindlar's 
cat. 


11.24. The starting material has two carbon atoms, and 
the product has five carbon atoms. So, we must join 
three fragments together (each of which has two carbon 
atoms), and then we must remove one of the carbon 
atoms. The latter process can be achieved via 
ozonolysis. Since the product is an aldehyde, it is 
reasonable to explore using ozonolysis as the last step of 
our synthesis: 


Ò 
A e A 


This alkene can be prepared from an alkyne, which can 
be prepared from acetylene and 1-bromobutane: 


Z 
=— > ee i 


aa 


CHAPTER 11 433 


1-Bromobutane can be made from 1-butyne, which can 
be made from acetylene and ethyl bromide via an 
alkylation process: 


An Br 
ORL >È uua tea ae 
S 
Finally, ethyl bromide can be made from acetylene: 
aN Br gp) SS 


In summary, the desired transformation can be achieved 
with the following synthesis: 


NaNH; 
d Heze NS 
Lindlar's cat. —C: Na 
(2) 
(2) 2) HBr Br j 
Acetylene Pa 
S 
NaNH; 
Hz, 
HBr, P 2 
Br ROOR Lindlar's 
cat. 
HC= e 
Ho, 
Vu Lindlar's 
N cat. 1) O3 
2) DMS 
p 2 
H 


This synthesis represents just one correct answer to the 
problem. There are certainly other acceptable answers to 
this problem. 


11.25. The desired transformation involves the 
installation of two carbon atoms, as well as a change in 
the location of the functional group. This can be 
achieved by converting the alcohol into a primary alkyl 
bromide, performing an alkylation process and then 
converting the triple bond into the desired alcohol: 
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The following reagents can be used to achieve the 
desired transformations: 


OH 
HO 


1) 

2) t-BuOK 

3) HBr, ROOR 

4) HC=CNa 
————————— 

5) Ho, Lindlar's cat. 


) 
6) BH: THF 
7) | 


N= 


) H202, NaOH 


SS 


Lindlar's 
Br cat. 


o 06 
x H—C=C: Na 
—————— 


It should be noted that there are other acceptable 
answers. As one example, the last part of our synthesis 
(hydroboration-oxidation) could be replaced with anti- 
Markovnikov addition of HBr to give a primary alkyl 
bromide, followed by an Sn2 process with hydroxide as 
the nucleophile: 


OH 
) HBr, ROOR 
2) NaOH 


11.26. The correct answer is (c). The starting material 
has four carbon atoms, and the product has six carbon 
atoms. The installation of two carbon atoms can be 
achieved by treating the starting primary alkyl bromide 
with sodium acetylide. The resulting alkylation product 
(a terminal alkyne) can then be reduced to an alkene via 
hydrogenation with a poisoned catalyst, such as Lindlar's 
catalyst: 


HBr, 
ROOR Ho. | 


1) HCZCNa E 
-—— od Ps 
AN Br 2) Hy, Lindlar's cat. 
Ho, 
Lindlar's 
catalyst 
AS 


11.27. The correct answer is (c). In the first step, the 
bromine atom is installed at the tertiary position. Then, 
in the second step, a strong, non-hindered base will give 
the Zaitsev elimination reaction, affording the desired 
product. Option (a) does not work, because the OH 
group is not a good leaving group. Upon treatment with 
a strong base, such as NaOEt, the OH group will simply 
be deprotonated to give an alkoxide ion. The elimination 
product will not be obtained. 

Option (b) does not work, because the second step 
(elimination) employs a sterically hindered base. Asa 
result, that process will give the Hofmann product, not 
the Zaitsev product. 

Option (d) does not work, because an alkene does not 
have an acidic proton (only terminal a/kynes can be 
deprotonated). 


11.28. The correct answer is (d). Option (a) does not 
work because, in the second step, upon treatment with 
the acetylide nucleophile, the OH group cannot function 
as a leaving group. Option (b) does not work because 
the final step (ozonolysis of an alkyne) will give a 
carboxylic acid, rather than an aldehyde. Option (c) does 
not work because the product will have too many carbon 
atoms (the starting material has six carbon atoms, and the 
product has seven carbon atoms, not eight). Option (d) is 
the correct answer, as shown below. Anti-Markovnikov 
addition of HBr gives a primary alkyl bromide, which is 
then converted into a terminal alkyne upon treatment 
with sodium acetylide. The terminal alkyne is then 
reduced to an alkene, followed by ozonolysis to give the 
desired aldehyde: 


PN a pe 
SS 


Lindlar's 
1) O3 cat. 
2) DMS 


Pere 
(0) 
11.29. The correct answer is (d). To move a x bond, we 


can do an addition reaction, followed by an elimination 
reaction, as illustrated below: 


1) HBr 
2) LBUOK 


"es 
HBr p d 
Addition B 


r 


E 


Elimination 


11.30. The correct answer is (c). Ozonolysis causes 
oxidative cleavage of a C=C double bond or a C=C triple 
bond. The loss of one or more carbon atoms from the 
alkene or alkyne starting material results in a product 
with a shorter carbon chain. 


11.31. The correct answer is (b). This sequence begins 
with an elimination reaction, followed by an addition 
reaction, to move the position of the functional group. 
The Hofmann product is desired for the elimination 
reaction, so a strong, sterically hindered base is needed, 
and this is followed by an anti-Markovnikov addition of 


H and OH: 
Br 
a le 
2 BH3: THF 
3) H205, NaOH 


t-BuOK ea 1) BH3* THF 


2) H2053, NaOH 


1) -BuOK 


11.32. The correct answer is (a). As summarized in 
Table 11.1, a vicinal diol can be prepared from an alkene 
starting material, and a trans alkene can be prepared 
from an alkyne: 


Pe ade" 


Finally, the most logical disconnection of the alkyne 
compound takes place at the C-C bond adjacent to the 
triple bond: 


Nucleophile Electrophile 
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11.33. There are certainly many acceptable answers to 
this problem. The following retrosynthetic analysis 
employs the technique described in the problem 
statement: 


This retrosynthetic analysis leads to the following 
synthesis: 


BZ NN ANo 
Acetylene 
i Ho, Pt 
2 
Lindlar's [N 
| cat. Su 
GO eH 
ZA 
Acetylene 1) NaNH; 
[e | Nan 2) Do 
© 6 3) H20 
HC=C: Na 
"ui: ÁN 
S 
H RCO3H 
p 2 P 3 
Z^ Lindlar's cat. ae 
Acetylene 
11.34. The alkene in the target molecule can be 


prepared by partial reduction of the corresponding 
alkyne, and the alkyne structure is suitable for making 
the required C-C bond disconnection (employing the 
technique described in the problem statement that 
involves an electrophilic C=O group): 
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was an 
ge ecioptille 


(C=O) 
—>» Bo 
A was a nucleophile 
U o 


A 7 d, 


Son 


Nucleophile Electrophile 


Acetylene is the only allowed source of carbon, so the 
aldehyde electrophile must be prepared from acetylene. 
Acetylene has two carbon atoms, and the aldehyde has 
only one carbon atom, so our synthesis must employ an 


ozonolysis process. Formation of an aldehyde product 
requires an alkene starting material: 


Oo 
22 um 


This retrosynthetic analysis gives the following 
synthesis: 
Acetylene 
Ho, 
ee p PRANS 
| cat. 
cat. Z^ |. NaNH; 
Acetylene Z0 
Z Z OH 
(0) = 
1} O3 JL 1) HC=CNa 
2) DMS H H 2H) 


11.35. The key to solving this problem is recognizing 
that the cyclic product can be made from the following 
acyclic compound (which can be prepared from the 
starting material in just one step): 


Br 
ed => RUNDE 


Upon treatment of this alkenyl alcohol with Br», a ring- 
forming reaction takes place that is similar to halohydrin 
formation: 


Br 
= Bro 
— 
OH p. +E 


The x bond reacts with molecular bromine to give a 
bromonium ion, which is then attacked by the OH group 
in an intramolecular process. You may find it helpful to 
build molecular models to help visualize the 
stereochemistry of the ring-closing step. 

According to the retrosynthetic analysis above, the 
desired transformation can be achieved in just two steps, 
shown here: 


Br 
Pd 
HO. AF LS es TOR 


H2 
Lindlar's 
cat. Bro 


HO = 
OH 
11.36. 


(a) The desired compound can be prepared from 
acetylene in just one step (via acid-catalyzed hydration): 


(0) 


By 


Alternatively, this transformation can also be achieved 
via hydroboration-oxidation of acetylene. 


H2SO4, H20 
————— 


ZZ 
Z HgSO, 


(b) The following synthesis represents just one correct 
answer to the problem. There are certainly other 
acceptable answers to this problem. 

We have seen in previous problems that 1-butyne can be 
prepared from two equivalents of acetylene: 


ec 


Ex 07 wee 


<= 


And 1-butyne can be converted into the aldehyde product 
in just two steps (partial hydrogenation, followed by 
ozonolysis): 


O 
ZA TS 
Su SUE 
Ho, 1) 05 Í 
Lindlar's BONE 2) DMS 


In summary, the following synthesis can be used to make 
the desired compound from acetylene: 


1) H2, Lindlar's cat. 
2) HBr ó 
p 3) HC=CNa 5 
4) i Lindlar's cat. ae 
Acetylene 5) O A n 
DMS 
QW. ©) 1) Og 
Lindlar's cat. 2) DMS 
2) HBr 
NZ 
NBr n 
OR Ho, 
ENS SS Tindlar's 
HC=C: Na cat. 
Em 
a 
Acetylene 


(c) The synthesis developed below is only one suggested 
synthetic pathway. There are likely other acceptable 
approaches that accomplish the same goal. 

We have seen in previous problems that 1-butyne can be 
prepared from two equivalents of acetylene: 


he M On + Su 


—(& 


And 1-butyne can be converted into the aldehyde product 
via hydroboration-oxidation: 


1) RBH o 
——————————»- 


SS — 2)H,0;, NaOH i 


In summary, the following synthesis can be used to make 
the desired compound from acetylene: 


1) Ha, Lindlar's cat. [e] 
2) HBr 
ZA — M geek 
Zee B 
Acetylene 4) RBH 
1)Ha 5) H202, NaOH 1) R2BH 
Lindlar's cat. 2) H20», 
2) HBr NaOH 
A Bp a 
© SN 
HC=C: Na = 
NaNH2 
A) 
Acetylene 
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(d) The synthesis developed below is only one suggested 
synthetic pathway. There are likely other acceptable 
approaches that accomplish the same goal. 

The starting material has two carbon atoms, and the 
product has five carbon atoms. So, we must join three 
fragments together (each of which has two carbon 
atoms), and then we must remove one of the carbon 
atoms. The latter process can be achieved via 
ozonolysis. Since the product is an aldehyde, it is 
reasonable to explore using ozonolysis of an alkene as 
the last step of our synthesis: 


O 
GAR p EN 


This alkene can be prepared from an alkyne, which can 
be prepared from acetylene and 1-bromobutane: 


Tm. 


]-Bromobutane can be made from 1-butyne, which can 
be made from acetylene and ethyl bromide via an 
alkylation process: 


pes Br 
PG SLRS, 
BS 
3m 
Finally, ethyl bromide can be made from acetylene: 


Agr = S 


In summary, the desired transformation can be achieved 
with the following synthesis: 


NaNH> 
ao 1) Ha, N © @ 
Lindlar's cat. HC=C: Na 
Ar HBr i 
Acetylene pau 
S 
NaNH2 H5, 
Lindlar's 
cat. 
UBER. p 
ddp ROOR 
dn db t Lindlar's 
US cat. 
1) Os 
2) DMS 
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11.37. Our retrosynthesis begins with a disconnection at 
the ether groups, at two of the C—O bonds, thereby 
breaking up the structure into two fragments, each with 
two carbon atoms. The more electronegative oxygen 
atom is more likely to have served as the nucleophile, so 
we draw a negative charge on the oxygen atom to give a 
suitable nucleophile (alkoxide ion). The carbon atom (at 
the disconnected bond) must have started out as an 
electrophile, so we draw a leaving group (such as Cl, Br, 
I or OTs) at that position: 


=) 


O 
e a was an 
nucieophile electrophile 
SS O 


o 
[9] - Br 
ô+ 
54 
O5 ob, 
Two-carbon Two-carbon 
Nucleophile Electrophile 


The dianion nucleophile can be 
deprotonation of the corresponding diol with excess NaH 


11.38. 


prepared by 


(as described in the problem statement), and the diol can 
be prepared from an alkene: 


9o. ^e => HOS AA = Z 


Each of these starting materials can be made from 
acetylene, as seen in the following synthesis: 


[9] 
Acetylene Sj 
H2 
Lindlar's cat. 
Br; Br 
a SS Br 
Oo e 
76 
1) RCO3H HO xs NaH 
2) HO" OH 


The synthesis developed below is only one suggested synthetic pathway. There are likely other acceptable approaches 


that accomplish the same goal. 


An analysis of the structure of the product suggests the following origins of each of the carbon atoms in the product. 


reactant 


a20 «— A => toluene 
reactant "-- 


The following figure outlines a retrosynthetic analysis for our target molecule. An explanation of each of the steps (a-e) 


follows. 


Oo O 
i adu P 
Br 
C=O ++ 


3-Phenylpropyl acetate 


Toluene 


Br 


+ BA 
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a. The target molecule (3-phenylpropyl acetate) can be made via an Sn2 reaction between a carboxylate ion and 

the primary alkyl bromide. 

The primary alkyl bromide can be made by anti-Markovnikov addition of HBr to the monosubstituted alkene. 

The alkene is made by reduction of the corresponding terminal alkyne. 

d. The terminal alkyne is made by alkylating acetylene (using sodium amide to deprotonate) with benzyl 
bromide. 

e. Benzyl bromide is made via radical bromination of toluene. The carbon atom adjacent to the aromatic ring 
(the benzylic position) is activated toward bromination due to the resonance-stabilized radical intermediate 
that forms. 


go 


Now, let’s draw the forward scheme. Toluene is brominated using NBS and heat. Reaction with sodium acetylide 
(made by deprotonating acetylene with sodium amide) produces the terminal alkyne. The alkyne is reduced to the 
alkene using molecular hydrogen and Lindlar’s catalyst. Anti-Markovnikov addition of HBr in the presence of 
peroxides produces the primary alkyl halide. Sn2 substitution with the conjugate base of acetic acid (made by 
deprotonating acetic acid with sodium hydroxide) produces the desired product. 


Pan 
Br 
NBS HC —CNa Hə x 
— ——— BA ——— 
heat Lindlar's 


catalyst 


11.39. 

The following synthesis is one suggested synthetic pathway. There are likely other acceptable approaches that 
accomplish the same goal. 

Take note that the reactant and product each have six carbon atoms. This suggests that our synthetic plan will not 
necessarily involve any C-C bond-forming reactions. However, there is a change in the carbon skeleton, and we will 
need a C-C bond-breaking reaction to convert the cyclic starting material into an acyclic product. 


i9) 
buf 
— a 


6 carbon atoms 6 carbon atoms 9 


The product contains two ketone groups, which is suggestive of an ozonolysis. The figure below outlines a 
retrosynthetic analysis for our target molecule. An explanation of each of the steps (a-e) follows. 


e 
a b [» d e 
Any SWS Os Ss 
Oo A B c D Br 


a. The two ketone groups can be prepared via ozonolysis of 1,2-dimethylcyclobutene, A (we can draw the 
required alkene by removing the two oxygen atoms from the target molecule, and connecting the highlighted 
sp? hybridized carbon atoms as a C=C bond). When we compare alkene A with the given alkene starting 
material, we see that we must change the position of the x bond. 

b.  Alkene A is prepared via elimination from a suitable alkyl halide (B). 


440 CHAPTER 11 


c. The tertiary alkyl bromide B is prepared via Markovnikov addition of HBr to alkene C. 
d.  Alkene C can be prepared via Zaitsev elimination of alkyl bromide D. 
€ Alkyl bromide D can be made via addition of HBr to 3,4-dimethylcyclobutene (our given starting material). 


Now, let's draw out the forward scheme. Treatment with HBr converts 3,4-dimethylcyclobutene to alkyl bromide D. 
Zaitsev elimination using a non-hindered base affords alkene C, which is subsequently converted to alkyl halide B 
using HBr (Markovnikov addition). Zaitsev elimination with a non-hindered base, followed by ozonolysis of the 
resulting alkene, gives the desired product, 2,5-hexanedione. 


[9] 
HBr NaOEt HBr NaOEt . 1) O03 
———— ——— | — Br ———»> |7 ———— 
ET 2)DMS 
B 


p Br [o 


11.40. 
The synthesis developed below is only one suggested synthetic pathway. There are likely other acceptable approaches 
that accomplish the same goal. 


The following figure outlines a retrosynthetic analysis for our target molecule. An explanation of each of the steps (a-h) 


follows. 
OH 


a OH b O c 
| Z 
S eee — x Lo — ^ 
|: 

Va = c Tes — =R 
f 
N 
g 


S 


/ 


1-Penten-3-ol can be made by reduction of the corresponding terminal alkyne. 

The terminal alkyne can be made from acetylene (after deprotonation to form a nucleophile) and the aldehyde 
shown. 

The aldehyde can be made by ozonolysis of trans-3-hexene. 

trans-3-Hexene is prepared via a dissolving metal reduction of 3-hexyne. 

3-Hexyne is made by alkylation of 1-butyne with bromoethane. 

Bromoethane is made by HBr addition to ethylene. 

Ethylene is made by partial reduction of acetylene. 

]-Butyne is made by alkylation of acetylene using bromoethane (prepared as described above in steps f-g). 


SOR 


ms 79$ AH 


Now, let's draw the forward scheme. Acetylene is reduced to ethylene using molecular hydrogen and Lindlar's catalyst. 
Addition of HBr affords bromoethane. Reaction of the alkyl halide with sodium acetylide (prepared from acetylene and 
sodium amide) gives 1-butyne. Deprotonation of the terminal alkyne with sodium amide, followed by reaction with 
bromoethane produces 3-hexyne, which is subsequently reduced to trans-3-hexene using a dissolving metal reduction. 
(Alternatively, hydrogenation in the presence of Lindlar's catalyst provides the cis alkene.) Ozonolysis of 3-hexene 
(trans or cis) produces two equivalents of the desired aldehyde. Reaction of this electrophilic aldehyde with the sodium 
acetylide nucleophile, followed by treatment with water to protonate the alkoxide intermediate, forms a new C-C bond, 
and gives an alkynyl alcohol product. The alkyne is reduced to an alkene, using molecular hydrogen and Lindlar's 
catalyst, to produce the desired target molecule, 1-penten-3-ol. 


CHAPTER 11 441 


EC 


H2 HBr NaCZCH —\ 1) NaNH» 
= —> = — — ———- = DN CN 
Lindlar's Br 2) EtBr 
catalyst N 
a 
m () 
OH 
OH H2 1)NacZcH O9 1) 04 
SN Linda's Z 2) H0 2) DMS 


catalyst 


11.41. 

The following synthesis is one suggested synthetic pathway. There are likely other acceptable approaches that 
accomplish the same goal. 

The target molecule, (E)-2-hexenal, is bifunctional - containing both an alkene group and an aldehyde group. As 
summarized in Table 11.1, we have learned two ways to make aldehydes: (i) ozonolysis of alkenes and (ii) anti- 
Markovnikov hydration of terminal alkynes. In this case, it is not immediately apparent which of these methods we 
should use. For example, ozonolysis of the compound below would not be a good approach, as both C=C bonds are 
susceptible to cleavage, yielding the following three products. 


IP NER Co ji j j t 
A 2)DMS H p deo oN” AN 
H 


Anti-Markovnikov hydration of a terminal alkyne also does not appear to be a viable approach, as there is no obvious 
precursor that would allow installation of the C=C double bond adjacent to the aldehyde group. 


Likewise, we know two ways to make an alkene: (i) reduction of an alkyne and (ii) elimination. We could potentially 
make the target molecule from the corresponding alkyne, but it is unclear what the next retrosynthetic step should be. 
(Note that in Chapter 13, we will learn reactions to make this approach possible.) 


O O 
H s 
T 


Installing the alkene group by elimination turns out to be a viable approach in this case, as described below. 
The figure below outlines a retrosynthetic analysis for our target molecule. An explanation of each of the steps (a-f) 
follows. 


O a [e] b a : C 
H H H TOR 
OH OH OH 
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a. The target compound can be made via dehydration of the alcohol under acidic conditions. 

b. The aldehyde can be made by ozonolysis of the corresponding alkene. Note that the required alkene has only 
one C=C double bond, so we avoid the problem described above with ozonolysis of a diene. 

c. The alkene can be made by partial reduction of the corresponding alkyne. 

d. A disconnection at the C-C bond adjacent to the triple bond leads to an acetylide ion nucleophile and the 
aldehyde shown as the electrophile (see problem 11.34). 

e. The aldehyde is made from anti-Markovnikov addition of water to 1-pentyne. 

f.  -Pentyne is made from 1,1-dibromopentane (the given starting material) by double elimination. 


Now let's draw the forward scheme. 1,1-Dibromopentane is converted to 1-pentyne by reaction with excess sodium 
amide (double E2 elimination), followed by treatment with water to protonate the terminal alkynide ion. 1-Pentyne is 
converted to the aldehyde via hydroboration-oxidation. Reaction of the aldehyde with sodium acetylide, followed by 
treatment with water to protonate the resulting alkoxide intermediate, forms a new C-C bond, and gives an alkynyl 
alcohol product. Reduction with H2 and Lindlar’s catalyst converts the alkyne group to an alkene group, and ozonolysis 
then converts the alkene to an aldehyde. Finally, treatment with concentrated acid and heat causes dehydration of the 
alcohol (E1 process), producing the target compound. 


1) NaNH» 


(excess) N 1) RoBH 1) HC=CNa ES 
- NALE 1) RəBH_ aa amea nd ds 
NS ow 2)H,0 T7. 2) H202 | 2) HO 
2 NaOH O OH 
Br H> 
Lindlar's 
catalyst 
H H 
o cone. o 
pee wee C T 
P 4 —— — — — — E ——— ——— 
H heat oye 2) DMS H 
OH ÓH 
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The synthesis developed below is only one suggested synthetic pathway. There are likely other acceptable approaches 
that accomplish the same goal. 


As seen in Table 4.1, tetradecane is a saturated hydrocarbon with 14 carbon atoms (with no branching), and our source 
of carbon (acetylene) has two carbon atoms, so we will use 7 equivalents of acetylene in this synthesis. There are a 
number of different approaches to complete this synthesis, including connecting two carbon atoms at a time 
sequentially from one end, or disconnecting it symmetrically from the center. The retrosynthesis below takes the latter 
of these two tactics. 


The figure below outlines a retrosynthetic analysis for our target molecule. An explanation of each of the steps (a-/) 
follows. 


f g h ] 
Pa NSF cun Ss SS 
E X 
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Tetradecane can be made via hydrogenation of 7-tetradecyne. 

7-Tetradecyne can be made by sequentially alkylating both sides of acetylene with 1-bromohexane. 
1-Bromohexane is made via an anti-Markovnikov addition of HBr across 1-hexene. 

1-Hexene is made by reduction of 1-hexyne using H» and Lindlar’s catalyst. 

1-Hexyne can be produced from acetylene (after deprotonation to make a nucleophile) and 1-bromobutane. 
1-Bromobutane is made via an anti-Markovnikov addition of HBr across 1-butene. 

1-Butene is made by reduction of 1-butyne using H2 and Lindlar’s catalyst. 

1-Butyne is made from acetylene (after deprotonation) and 1-bromoethane. 

1-Bromoethane is made by addition of HBr across ethylene. 

Ethylene is made by reduction of acetylene using H2 and Lindlar’s catalyst. 


eo SEO 79$ BOSS 


Now, let's draw out the forward scheme. Acetylene is reduced to ethylene using H2 and Lindlar’s catalyst. Addition of 
HBr, followed by Sn2 substitution with an acetylide nucleophile (made by deprotonation of acetylene with sodium 
amide) gives l-butyne. Reduction of 1-butyne to l-butene with H2 and Lindlar’s catalyst, followed by anti- 
Markovnikov addition of HBr in the presence of peroxide produces 1-bromobutane. A substitution reaction with 
sodium acetylide gives 1-hexyne. Another round of hydrogenation (H2, Lindlar's catalyst), anti-Markovnikov addition 
(HBr, peroxide) and substitution (sodium acetylide) lengthens the chain by two more carbons, giving l-octyne. 
Deprotonation of this terminal alkyne, followed by alkylation with a second equivalent of 1-bromohexane yields 7- 
tetradecyne. Finally, hydrogenation with H2 and Pt produces the desired target molecule, tetradecane. 


H2 HBr NaC=CH H2 HBr 
Z — Z —— n m Nana ANA oe 
Lindlar's Br Sum Lindlars ROOR 
catalyst catalyst 
[eee 
LZ NaC=CH H 
ior Se CBE Pw Ge LS 
l NS 
ROOR Lindlar's 
1) NaNH; catalyst 
2) 1-bromohexane 
H2 
GOO NII NR 
- 2S Oa 
—€— P d Pt 
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The synthesis developed below is only one suggested synthetic pathway. There are likely other acceptable approaches 
that accomplish the same goal. 


Acetic acid and ethylene each have two carbon atoms, and our product has eight carbon atoms: 


J. ID AE: TET 


2C reactant 2C reactant O 8C product 


A more detailed look at the product allows us to hypothesize where each of the two-carbon components will ultimately 
end up in the product (below). This is helpful in that it may allow us to determine which new bonds will be formed in 
the course of the reaction (i.e., those connecting each of the 2C components). 


2C 
2C 2C 
i 
2C 
O 
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By comparing the structures of the starting materials and product, we can also make an initial guess on the origins of 
each of the 2C components (shown below). It seems reasonable to assume that the ester will be derived from acetic 
acid (as both of these have a carbonyl flanked by a methyl group and an oxygen), and the other three 2C components 
will be derived from ethylene (with appropriate functional group modifications). 


derived from three 
equivalents of ethylene 


derived from 
acetic acid 


When considering which types of reactions to use, we will connect these pieces using a number of substitution 
reactions. Also, the only way we have learned to produce a cis alkene is via hydrogenation of an alkyne using H2 and 
Lindlar’s catalyst, so this will clearly be one of our steps. 


The figure below outlines a retrosynthetic analysis for our target molecule. An explanation of each of the steps (a-/) 
follows. 


a c d J 
dd = y : E "— m 
Ó Ó 
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a. Disconnection at the C—O bond leads to an Sn2 reaction between a carboxylate nucleophile (the conjugate 
base of a carboxylic acid) and an electrophilic substrate with an appropriate leaving group (e.g., tosylate). 

b. The carboxylate can be prepared from acetic acid (one of our given reactants) by treatment with a suitable 
base, such as NaOH. 

c. The tosylate can be prepared from the corresponding alcohol. 

d. The cis alkene can be produced from the corresponding alkyne (H2 with Lindlar's catalyst). 

e. This retrosynthetic step is the key disconnection that utilizes the reaction described in the problem statement. 

We can make this internal alkyne/alcohol by the reaction of an alkynide ion (formed by deprotonating 1- 

butyne) with an epoxide. 

The epoxide is prepared from ethylene via epoxidation. 

1-Butyne is prepared by alkylating the conjugate base of acetylene with bromoethane. 

Bromoethane is prepared via HBr addition to ethylene. 

Acetylene is prepared via a double elimination from 1,2-dibromoethane. 

1,2-Dibromoethane is prepared via bromination of ethylene. 


Te m9 mq TA 


Now, let's draw out the forward scheme. This multistep synthesis uses three equivalents of ethylene (labeled A, B, C in 
the scheme shown) and one equivalent of acetic acid (labeled D). Ethylene (A) is converted to 1,2-dibromoethane upon 
treatment with bromine. Subsequent reaction with excess sodium amide produces an acetylide anion which is then 
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treated with bromoethane [made from ethylene (B) and HBr] to produce 1-butyne. Deprotonation with sodium amide, 
followed by reaction with an epoxide [prepared by epoxidation of ethylene (C)] and treatment with water to protonate 
the alkoxide intermediate, produces a compound with an alkyne group and an alcohol group. Reduction of the alkyne to 
the cis alkene is accomplished with H2 and Lindlar’s catalyst, after which the alcohol is converted to a tosylate with 
tosyl chloride. Reaction with the conjugate base of acetic acid [produced by treating acetic acid (D) with NaOH] 
allows for an Sn2 reaction, thus yielding the desired product, Z-hexenyl acetate. 


1) NaNH REOM 
1) NaNH; 2) 2 
Br. EN 
A 2 (excess) AM 
Bin mA Vet, 
CCl4 2) RR 3) HO HOT t 
Ho, 
lum | Lindlar's 
catalyst 


B 
D OH 
^ EON. 


11.44. 
The following synthesis is one suggested synthetic pathway. There are likely other acceptable approaches that 


accomplish the same goal. 

As summarized in Table 11.1, we have learned two ways to make aldehydes: (i) anti-Markovnikov hydration of a 
terminal alkyne or (ii) ozonolysis of an alkene. However, in order to produce an equimolar mixture of both of these 
compounds from a single synthetic protocol (as described in the problem statement), ozonolysis of the following 
disubstituted alkene is the appropriate solution: 


The following figure outlines a retrosynthetic analysis for our target molecule. An explanation of each of the steps (a-k) 
follows. 
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a. The mixture of aldehydes can be made by ozonolysis of this disubstituted alkene (trans-2-methyl-4-decene), 
as described above. (Note that the E alkene is shown here, but ozonolysis of the Z alkene would also produce 
the same two aldehydes.) 

b. As summarized in Table 11.1, we have learned two methods to make an alkene: 1) reduction of an alkyne or 
2) elimination. In this case, the better choice to make this alkene is by reduction of the corresponding internal 
alkyne, because the alkyne is suitable for the required C-C bond disconnections. 

c. This internal alkyne can thus be made by alkylation of 4-methyl-1-pentyne (which must be deprotonated to 
produce a nucleophile) with 1-bromopentane. 

d. The terminal alkyne can be made by alkylation of acetylene (which must be deprotonated to produce a 
nucleophile) with 1-bromo-2-methylpropane. 

e. Recall that we need to start with one 1° alcohol, one 2° alcohol and one 3° alcohol. The synthetic 
intermediate 1-bromo-2-methylpropane is the only one with a 3° carbon, so it follows that this compound is 
the one produced from a 3° alcohol. With this in mind, the alkyl halide can be produced from anti- 
Markovnikov addition of HBr to an alkene. 

f The alkene can be made from acid-catalyzed dehydration of the 3° alcohol. 

g. Acetylene has only two carbons, so the only type of alcohol that can be used to make it is a 1° alcohol. 

Acetylene is thus made from double elimination of 1,2-dibromoethane. 

1,2-Dibromoethane is produced by bromination of ethylene. 

Ethylene is produced by acid-catalyzed dehydration of ethanol, a 1? alcohol. 

1-Bromopentane is made by anti-Markovnikov addition of HBr to 1-pentene. 

1-Pentene is made from the 2? alcohol by tosylation followed by reaction with a bulky base to give the less 

substituted, Hofmann product. 


Rc om 


Now let's draw the forward scheme. The 3? alcohol is converted to 2-methylpropene using strong, concentrated acid 
and heat (dehydration, an E1 process). Anti-Markovnikov addition of HBr (with peroxides) produces 1-bromo-2- 
methylpropane. Subsequent reaction with sodium acetylide (produced from the 1? alcohol by dehydration, bromination 
and double elimination, and deprotonation as shown) produces 4-methyl-1-pentyne. Deprotonation with sodium amide 
followed by reaction with 1-bromopentane (made from the 2? alcohol by tosylation, elimination and anti-Markovnikov 
addition of HBr) yields 2-methyl-4-decyne. Reduction using sodium metal in liquid ammonia produces the E alkene. 
Finally, ozonolysis followed by treatment with dimethyl sulfide produces an equimolar ratio of the two desired 
products, 3-methylbutanal and hexanal. 
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11.45. 

The following synthesis is one suggested synthetic pathway. There are likely other acceptable approaches that 
accomplish the same goal. 

An analysis of the structure of the product reveals that the five-carbon alkyl group (highlighted below) matches the 
skeletal structure of 2-methylbutane, the given starting material. This indicates which C-C bond must be made in the 


course of the synthesis. 
oO 
——» 
s RT 
——» 


need to make 
this C-C bond 


The figure below outlines a retrosynthetic analysis for our target compound. An explanation of each of the steps (a-h) 
follows. 
(0) 


(0) 
a b L c Br 
o => oH 73 ER Qd 
a 
d 
, Br Br 
e 
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a. The only way we have learned to make an ester (so far) is via a reaction of a carboxylate nucleophile (the 
conjugate base of a carboxylic acid) and an alkyl halide (in this case, methyl iodide). 

. The only way we have learned to make a carboxylic acid (so far) is by ozonolysis of an alkyne. 

c. The alkyne is prepared from the reaction of 1-bromo-3-methylbutane with an acetylide anion (formed by 
deprotonating acetylene). This alkyl halide has the same carbon skeleton as our given starting material (2- 
methylbutane), so our remaining steps primarily involve functional group manipulation. 

d. Knowing that the first synthetic step must be radical halogenation of 2-methylbutane to produce the tertiary 
alkyl halide (the only useful reaction of alkanes), we need to migrate the functionality back toward the 


448 CHAPTER 11 


tertiary carbon in this retrosynthetic analysis. Thus, 1-bromo-3-methylbutane can be prepared via anti- 
Markovnikov addition of HBr to 3-methyl-1-butene. 


e. 3-Methyl-l-butene is prepared via elimination (with a sterically hindered base) from 2-bromo-3- 
methylbutane. 

J.  2-Bromo-3-methylbutane is prepared via anti-Markovnikov addition of HBr to 2-methyl-2-butene. 

g. 2-Methyl-2-butene is prepared via Zaitsev elimination from 2-bromo-2-methylbutane. 

h.  2-bromo-2-methylbutane is made from our given starting material, 2-methylbutane, via radical bromination. 


Now, let's draw the forward scheme. Radical bromination of 2-methylbutane selectively produces the tertiary alkyl 
halide. Then, Zaitsev elimination with NaOEt, followed by anti-Markovnikov addition (HBr / peroxides), and then 
Hofmann elimination with tert-butoxide, followed by another anti-Markovnikov addition (HBr / peroxides) produces 1- 
bromo-3-methylbutane. This alkyl halide will then undergo an Sn2 reaction when treated with an acetylide ion to give 
5-methyl-1-hexyne. Ozonolysis of this terminal alkyne cleaves the triple bond, producing the carboxylic acid (and 
CO»). Deprotonation (with NaOH) produces a carboxylate nucleophile that subsequently reacts with methyl iodide in 
an Sn2 reaction to give the desired ester. 


Br 
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11.46. Hydroboration-oxidation of compound 1 affords a chiral organoborane (2). Compound 3 is an alkyl halide, 
which is expected to react with an acetylide nucleophile in an Sn2 reaction (as supported by the use of DMSO as the 
solvent), to give compound 4. Upon treatment with the strong base BuLi, compound 4 is deprotonated to give an 
alkynide ion, which then serves as a nucleophile in an Sn2 reaction with the given alkyl iodide to produce compound 5. 
As described in the problem statement, treatment of compound 5 with TsOH in methanol removes the THP group to 
give an alcohol (6). In the final step of the sequence, the triple bond in compound 6 is reduced by hydrogenation with a 
poisoned catalyst to give a cis alkene (compound 7). 
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Chapter 12 
Alcohols and Phenols 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 12. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e When naming an alcohol, the parent is the longest chain containing the group. 
e The conjugate base of an alcohol is called an ion. 
e Several factors determine the relative acidity of alcohols, including H 
,and ‘ 
e The conjugate base of phenol is called a , or ion. 


e When preparing an alcohol via a substitution reaction, primary substrates will require SN. 
conditions, while tertiary substrates will require Su. conditions. 

e Alcohols can be formed by treating a group (C-O bond) with a agent. 

e Grignard reagents are carbon nucleophiles that are capable of attacking a wide range of 

, including the carbonyl group of ketones or aldehydes, to produce an 


alcohol. 

° groups, such as the trimethylsilyl group, can be used to circumvent the 
problem of Grignard incompatibility and can be easily removed after the desired Grignard reaction 
has been performed. 

e Tertiary alcohols will undergo an Su. reaction when treated with a hydrogen halide. 

e Primary and secondary alcohols can undergo an Su. process when treated with either HX, 

SOCh, PBr3, or when the hydroxyl group is converted into a tosylate group followed by 

nucleophilic attack. 

Tertiary alcohols undergo E1 elimination when treated with 

Primary alcohols can undergo oxidation twice to give a 

Secondary alcohols are oxidized only once to give a 

PCC can be used to convert a primary alcohol into an . Alternatively, primary 

alcohols can be converted into with a oxidation or a DMP-based 

oxidation. 

e NADH is a biological reducing agent that functions as a delivery agent (very much 
like NaBH; or LiAIH4), while NAD” is an agent. 

e There are two key issues to consider when proposing a synthesis: 

1. A change in the : 
2. A change in the 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 12. The answers appear in the section entitled Skil/Builder Review. 


12.1 Naming an Alcohol 


Provide a systematic name for the following compound: 


1) Identify the parent 


cl CI 2) Identify and name substituents 
3) Assign locants to each substituent 
4) Alphabetize 
OH 5) Assign Configuration 
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12.2 Comparing the Acidity of Alcohols 


For each pair of compounds below, circle the compound that is more acidic: 


OH OH 


Cl 


MoH KoH MoH X 
ci o OH 


12.3 Identifying Oxidation and Reduction Reactions 


In the following reaction, determine whether the starting material has been oxidized, reduced, or neither: 


o NENNEN RO, OR 
ds "o Xe 


12.4 Drawing a Mechanism, and Predicting the Products of Hydride Reductions 


Complete the mechanism below by drawing all curved arrows, intermediates and products. 


H 


12.5 Preparing an Alcohol via a Grignard Reaction 


Identify reagents that can achieve each of the following transformations: 


Jj Ty ex n 
Ph OMe 2( g ou 
O 


12.6 Proposing Reagents for the Conversion of an Alcohol into an Alkyl Halide 


Identify reagents that can achieve each of the following transformations: 


OH 94 DS 


"uc 
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12.7 Predicting the Products of an Oxidation Reaction 


Draw the expected product of the following reaction: 


OH CrO3 
——— 
H30* 


acetone 


12.8 Converting Functional Groups 


Identify reagents that can achieve each of the following functional group transformations: 


z Ar ~ uud. 


i 


-OL 


"WE ME / M, 


12.9 Proposing a Synthesis 


Fill in the blanks: 
As a guide for proposing a synthesis, ask the following two questions: 
1) Is there a change in the skeleton? 


2) Is there a change in the location or identity of the ? 


After proposing a synthesis, use the following two questions to analyze your answer: 
1) Is the outcome of each step correct? 


2) Is the outcome of each step correct? 


Review of Reactions 

Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 13. The answers appear in the section 
entitled Review of Reactions. 


Preparation of Alkoxides 


ROH  ————- RO Na 
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Preparation of Alcohols via Reduction 


l 


[e o7 

ji 2e 
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O OH 
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Preparation of Alcohols via Grignard Reagents 


i—i 


R—-O—TMS 


Sn1 Reactions with Alcohols 


R R 
R-2—0H — > R2—X + H20 
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Sn2 Reactions with Alcohols 
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E1 and E2 Reactions with Alcohols 
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Review of Mechanisms 

Complete each of the following mechanisms by drawing the missing curved arrows. To verify that your 
curved arrows are drawn correctly, compare them to the curved arrows in the mechanism boxes for 
Mechanisms 12.1 — 12.9, which can be found throughout Chapter 12 of your text. 


Mechanism 12.1 Reduction of a Ketone or Aldehyde with NaBH4 


H H 
lo | H 
M H—AF-H uo .. —H-AF-H (o i is 
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Mechanism 12.6 The Reaction Between SOCH and an Alcohol 
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Mechanism 12.7 The Reaction Between PBr3 and an Alcohol 
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Common Mistakes to Avoid 


If you are proposing a synthesis that involves reduction of a ketone or aldehyde with LiAIH4, make sure 
that the workup (with either H3O* or H20) is shown as a separate step: 


CORRECT INCORRECT 
i9) ; OH i9) ; OH 
1) LiAIH, LiAIH,, 
A 2) H30* p p H4O* zs. 
(Don't make this mistake) 
This is important because LiAIH, is incompatible with the proton source. In contrast, NaBH, is used in the 


presence ofa proton source: 


CORRECT 


NaBH, OH 


O 
DE e N 
CH30H 


So, when using NaBH; as a reducing agent, do not show the proton source (MeOH) as a separate step. 


Also, when drawing a mechanism for the reduction of a ketone, aldehyde, or ester, make sure that 
the first curved arrow is placed on the AI-H bond, rather than on the negative charge: 


CORRECT INCORRECT 
H H 
| | 
Jk aea A e hA 
H H 


In previous chapters, we have seen that it is generally acceptable to place the tail of a curved arrow on a 
negative charge, but this is an exceptional case. The negative charge in this case is not associated with a 
lone pair, so the tail of the curved arrow cannot be placed on the negative charge. It must be placed on the 
bond. This is true for reductions involving NaBH; as well: 


CORRECT INCORRECT 


H H 
H H 


Useful reagents 


The following is a list of reagents that were new in this chapter: 


Reagents Function 
NaH A very strong base, used to deprotonate an alcohol to give an alkoxide ion. 
Na Will react with an alcohol to liberate hydrogen gas, giving an alkoxide ion. 


A reducing agent (source of nucleophilic hydride). Can be used to reduce 


eee ketones or aldehydes to alcohols. Will not reduce esters or carboxylic acids. 


CHAPTER 12 


1) LIAIH; A strong reducing agent (source of nucleophilic hydride). Can be used to reduce 
g 
2) H3O* ketones, aldehydes, esters, or carboxylic acids to give an alcohol. 
H. Pt Reducing agent. Generally used to reduce alkenes and/or alkynes to alkanes, but 
2 in some cases, it can also be used to reduce ketones and/or aldehydes to alcohols. 
M Can be used to convert an organohalide (RX, where R = alkyl, aryl or vinyl 
8 group) into a Grignard reagent (RMgX). 
A Grignard reagent. Examples include MeMgBr, EtMgBr and PhMgBr. These 
reagents are very strong nucleophiles (and very strong bases as well), and they 
RMeX will react with aldehydes or ketones. Aldehydes are converted into secondary 
8 alcohols (except for formaldehyde which is converted to a primary alcohol), 
while ketones are converted to tertiary alcohols. Esters are converted to tertiary 
alcohols when treated with excess Grignard. 
TMSCL EGN Trimethylsilyl chloride [(CH3)3SiCl], in the presence of a base (such as 
i triethylamine), will protect an alcohol (ROH is converted to ROTMS). 
TBAF Tetrabutylammonium fluoride. Used for deprotection of alcohols with silyl 
protecting groups (ROTMS is converted to ROH). 
Hx HBr and HCI! are strong acids that also provide a source of a strong nucleophile. 


Can be used to convert an alcohol into an alkyl bromide or alkyl chloride. 


TsCl, pyridine 


Tosyl chloride (TsCl) will convert an alcohol into a tosylate. This is important 
because it converts a bad leaving group (HO ) into a good leaving group (TsO’). 


PBr; 


Phosphorus tribromide (PBr3) can be used to convert a primary or secondary 
alcohol into an alkyl bromide. If the OH group is connected to a chiral center, 
we expect inversion of configuration (typical for an Sn2 process). 


SOCL, pyridine 


Thionyl chloride (SOCl2) can be used to convert a primary or secondary alcohol 
into an alkyl chloride. If the OH group is connected to a chiral center, reaction 
conditions can be selected for inversion of configuration (typical for an S2 
process). 


HCl, ZnCl 


Can be used to convert an alcohol into an alkyl chloride. 


NazCr207, H5SO., 
H20 


A mixture of sodium dichromate (Na»Cr?O;) and sulfuric acid (H2SO4) gives 
chromic acid, which is a strong oxidizing agent. Primary alcohols are oxidized 
to give carboxylic acids, while secondary alcohols are oxidized to give ketones. 
Tertiary alcohols are generally unreactive. 


Pyridinium chlorochromate (PCC) is a mild oxidizing agent that will oxidize a 


PCC, CH;CLb primary alcohol to give an aldehyde, rather than a carboxylic acid. Secondary 
alcohols are oxidized to give ketones. Methylene chloride (CH2Cl,) is a solvent. 
DMP (Des-Martin Periodinane) is a mild oxidizing agent that will oxidize a 

DMP, CH2Cl, primary alcohol to give an aldehyde, rather than a carboxylic acid. Secondary 


alcohols are oxidized to give ketones. 


1) DMSO, (COCI);, 
2) EN 


Dimethyl sulfoxide (DMSO), oxalyl chloride [(COCI)2], and triethyl amine 
(Et3N) are the reagents for a Swern oxidation, which will oxidize a primary 
alcohol to give an aldehyde, rather than a carboxylic acid. Secondary alcohols 
are oxidized to give ketones. 
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Solutions 


12.1. 

(a) We begin by identifying the parent. The carbon 
atom connected to the OH group must be included in the 
parent. The longest chain that includes this carbon atom 
is six carbon atoms in length, so the parent is hexanol. 
There are three substituents (highlighted). Notice that 
the parent chain is numbered starting from the side that is 
closest to the OH group (the OH group is at C2 rather 
than C5). According to this numbering scheme, the 
methyl group is located at C2, and the bromine atoms are 
both at C5. Finally, we assemble the substituents 
alphabetically. The compound does not contain any 
chiral centers. 


o 
A 


Br) Br 
5,5-dibromo-2-methylhexan-2-ol 


or 
5,5-dibromo-2-methyl-2-hexanol 


(b) We begin by identifying the parent. The carbon 
atom connected to the OH group must be included in the 
parent. The longest chain that includes this carbon atom 
is five carbon atoms in length, so the parent is pentanol. 
There are three substituents (highlighted), all of which 
are methyl groups. Notice that the parent chain is 
numbered starting from the side that is closest to the OH 
group (thereby placing the OH group at C1). According 
to this numbering scheme, the methyl groups are at C2, 
C3 and C4. We use the prefix “tri” to indicate three 
methyl groups. Finally, we assign a configuration to 
each chiral center. 


(2S, 3R)-2,3,4-trimethylpentan-1-ol 
or 
(2S, 3R)-2,8,4-trimethyl-1-pentanol 


(c) We begin by identifying the parent (phenol). There 
are two substituents (highlighted), both of which are 
ethyl groups. Notice that the ring is numbered starting 
from the carbon atom bearing the OH group (it is not 
necessary to indicate a locant for the OH group, because 
in a ring, it is assumed to be at Cl, by definition). 
According to this numbering scheme, the ethyl groups 
are at C2 and C6. We use the prefix “di” to indicate two 
ethyl groups. The compound does not contain any chiral 
centers. 


2,6-diethylphenol 


(d) We begin by identifying the parent. The carbon 
atom connected to the OH group must be included in the 
parent. That carbon atom is part of a six-membered ring, 
so the parent is cyclohexanol. There are four 
substituents (highlighted), all of which are methyl 
groups. Notice that the parent chain is numbered starting 
from the carbon atom bearing the OH group (it is not 
necessary to indicate a locant for the OH group, because 
in a ring, it is assumed to be at Cl, by definition). The 
numbers go counterclockwise, so as to give the lowest 
number to the first substituents (C2). According to this 
numbering scheme, the methyl groups are at C2, C2, C4 
and C4. We use the prefix “tetra” to indicate four methyl 
groups. Finally, we assign a configuration to the chiral 


center. 
E OH 


(S)-2,2,4,4-tetramethylcyclohexanol 


12.2. The longest carbon chain contains 16 carbon 
atoms, and the chain is numbered to give the hydroxyl 
group the lowest number possible. Without the 
hydroxyl group, the alkene parent would be 2- 
hexadecene or hexadec-2-ene. To indicate the presence 
of the hydroxyl group, we name the compound as an 
alcohol, by dropping the “e” and adding the suffix “ol.” 


OH 
De ee ee 1-ol 
15 13 11 9 7 5 3 


Hexadec-2-en-1-ol 2-en 


Then identify the substituents and assign their locations. 


3,7,11,15-tetramethyl 


Finally, assign the configuration of each chiral center, as 
well as the configuration of the alkene unit: 


OH 
PET Ce ee. 
R 7R 2E 


Putting it all together, the complete IUPAC name for 
phytol is: 


(2E,7R,11R)-3,7,11,15-tetramethylhexadec-2-en-1-ol. 


12.3. Nonyl mandelate has a longer alkyl chain than 
octyl mandelate and is therefore more effective at 


penetrating cell membranes, rendering it a more potent 
agent. Nonyl mandelate has a shorter alkyl chain than 
decyl mandelate and is therefore more water-soluble, 
enabling it to be transported through aqueous media and 
to reach its target destination more effectively. 


12.4. 

(a) When an alcohol is treated with elemental sodium 
(Na), the OH group is deprotonated, giving the 
corresponding alkoxide ion. 


OH o9 NÊ 
——— 


(b) When an alcohol is treated with sodium hydride 
(NaH) the OH group is deprotonated, giving the 
corresponding alkoxide ion. 


2 NOH 2 d Na? 


(c) When an alcohol is treated with elemental lithium 
(Li), the OH group is deprotonated, giving the 
corresponding alkoxide ion. 


OH o~” Li 
— Àj. 


(d) When an alcohol is treated with sodium hydride 
(NaH), the OH group is deprotonated, giving the 
corresponding alkoxide ion. 


[S 


OH Na 


G NaH 
=y 
12.5. 


(a) Upon treatment with aqueous acid, an alkoxide ion is 
protonated to give the corresponding alcohol: 


H 
nto: 
p : - Mie 
Q: QH 


(b) Upon treatment with aqueous acid, an alkoxide ion 
is protonated to give the corresponding alcohol: 


H 

C 
Me H " 
o4 Os 


(c) Upon treatment with aqueous acid, an alkoxide ion is 
protonated to give the corresponding alcohol: 
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H 


A 
^" S: 


12.6. 


(a) The first compound is more acidic because the 
conjugate base of a primary alcohol will be more easily 
solvated than the conjugate base of a tertiary alcohol. 
The better solvated, more stable conjugate base is the 
weaker conjugate base, and is related to the stronger 
parent acid: 


a 


POO GIUM 


(b) The first compound is more acidic because the 
electron-withdrawing effects of the chlorine atoms 
stabilize the conjugate base. The more stable conjugate 
base is the weaker conjugate base, and is related to the 
stronger parent acid: 

Cl 


Cl OH 


CI CI 
Cl 


(c) The second compound is more acidic because its 
conjugate base is more stabilized by resonance, with the 
negative charge spread over two oxygen atoms, rather 
than just one oxygen atom. The more stable conjugate 
base is the weaker conjugate base, and is related to the 
stronger parent acid: 


(0) 


(d) The second compound (phenol) is more acidic 
because its conjugate base is stabilized by resonance. In 
contrast, the conjugate base of the first compound 
(t-BuOH) is not resonance-stabilized. The more stable 
conjugate base is the weaker conjugate base, and is 
related to the stronger parent acid: 


- 
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12.7. The hydroxyl group on the benzene ring on the left is expected to be more acidic (lower pKa) because its 
conjugate base has a resonance structure in which the negative charge is spread onto an oxygen atom of the carbonyl 


group, as shown below: 


Ow 
He] O 
U 
OH a? 


O [9] 
NS 
OH Oo 


The more stable conjugate base is the weaker conjugate base, and is related to the more acidic proton (pKai = 7.05). In 
contrast, the hydroxyl corresponding to pKa2 does not have such a resonance structure and can only spread its negative 


charge onto carbon atoms. 


OH 


12.8. 

(a) The starting material is an alkyl halide, and the 
product is an alcohol, so we need a substitution reaction. 
The substrate (the alkyl halide) is tertiary, so we must 
use an Snl process. That is, we must use a weak 
nucleophile (water) rather than a strong nucleophile 
(hydroxide), because hydroxide is a strong base that 
would favor E2 over Sn2. 


Cr Br H;O or 
———- 


(b) The starting material is an alkyl halide, and the 
product is an alcohol, so we need a substitution reaction. 
The substrate (the alkyl halide) is primary, so we must 
use an Sw2 process. Therefore, we use a strong 
nucleophile (hydroxide). 


(c) The starting material is an alkene, and the product is 
an alcohol, so we need an addition process. The OH 
group must be installed at the more substituted position, 
so we need to perform a Markovnikov addition of H and 
OH across the alkene. Carbocation rearrangements are 
not a concern in this case (protonation of the alkene 
generates a tertiary carbocation which cannot rearrange), 
so acid-catalyzed hydration will give the desired product. 


Cr dilute H9S0, OH 
_—_ 


HO Oo vs Oo 
zo did on =o 
<> — =< > 
2 © 
(0) OH O 


(d) The starting material is an alkene, and the product is 
an alcohol, so we need an addition process. The OH 
group must be installed at the less-substituted position, 
so we need to perform an anti-Markovnikov addition of 
H and OH across the alkene. This can be achieved via 


hydroboration-oxidation. 
A Die. H 


(e) The starting material is an alkene, and the product is 
an alcohol, so we need an addition process. The OH 
group must be installed at the more substituted position, 
so we need to perform a Markovnikov addition of H and 
OH across the alkene. Carbocation rearrangements are a 
concern in this case (protonation of the alkene generates 
a secondary carbocation which can rearrange to give a 
more stable, tertiary carbocation), so acid-catalyzed 
hydration cannot be used. Instead, the desired product 
can be obtained via oxymercuration-demercuration, 
which will install the OH group at the more-substituted 
position without carbocation rearrangements. 
OH 


xs p 


(f) The starting material is an alkene, and the product is 
an alcohol, so we need an addition process. The OH 
group must be installed at the less-substituted position, 
so we need to perform an anti-Markovnikov addition of 
H and OH across the alkene. This can be achieved via 


hydroboration-oxidation. 
1) BHy-THF 
» 
HO 


— 2) H202, NaOH jr 


1) BH3* THF 
2) H505, NaOH 


1)Hg(OAcj. H20 
2) NaBH, 


12.9. 
(a) Let’s begin by drawing the starting material and 
identifying the position that would lead to a primary 
alcohol. 
primary 
Swe iA carbon 


1-hexene 


Addition of H and OH across this alkene will provide an 
alcohol. Markovnikov addition will give a secondary 
alcohol, so we must perform an anti-Markovnikov 
addition in order to obtain a primary alcohol. This can 
be achieved via hydroboration-oxidation. 


1) BHs* THF 


Nae 
S 2) H203, NaOH 


Sy OH 


(b) Let’s begin by drawing the starting material and 
identifying the position that would lead to a secondary 
alcohol. 

secondary 


carbon 
EO 


3,3-dimethyl-1-hexene 


Addition of H and OH across this alkene will provide an 
alcohol. Markovnikov addition will give a secondary 
alcohol, but we must be careful. Protonation of the 
alkene will generate a secondary carbocation which can 
rearrange (via a methyl shift) to give a more stable, 
tertiary carbocation. Therefore, acid-catalyzed hydration 
cannot be used. Instead, the desired product can be 
obtained via oxymercuration-demercuration, which will 
install the OH group at the more-substituted position 
without a carbocation rearrangement. 


1) Hg(OAc)p, OH 


H;O 
uo» 
2) NaBH4 


(c) Let's begin by drawing the starting material and 
identifying the position that would lead to a tertiary 
alcohol. 

tertiary 


ee carbon 


2-methyl-1-hexene 


CHAPTER 12 461 


Addition of H and OH across this alkene will provide an 
alcohol. Specifically, Markovnikov addition will give a 
tertiary alcohol. Carbocation rearrangements are not a 
concern in this case (protonation of the alkene generates 
a tertiary carbocation which cannot rearrange), so acid- 
catalyzed hydration will give the desired product. 


dilute o 
Ses ie ee a 
———- 


12.10. 

(a) We focus on the carbon atom that undergoes a 
change in bonding as a result of the transformation. In 
the starting material, that carbon atom (the central carbon 
atom) has an oxidation state of +2. In the product, the 
same carbon atom has an oxidation state of +2. Since 
the oxidation state does not change, the starting material 
is neither oxidized nor reduced. 


(b) We focus on the carbon atom that undergoes a 
change in bonding as a result of the transformation. In 
the starting material, that carbon atom has an oxidation 
state of +1. In the product, the same carbon atom has an 
oxidation state of +3. Since the oxidation state increases 
as a result of the transformation, the starting material is 
oxidized. 


(c) We focus on the carbon atom that undergoes a 
change in bonding as a result of the transformation. In 
the starting material, that carbon atom has an oxidation 
state of +3. In the product, the same carbon atom has an 
oxidation state of -1. Since the oxidation state decreases 
as a result of the transformation, the starting material is 
reduced. 


(d) We focus on the carbon atom that undergoes a 
change in bonding as a result of the transformation. In 
the starting material, that carbon atom has an oxidation 
state of +3. In the product, the same carbon atom has an 
oxidation state of +3. Since the oxidation state does not 
change, the starting material is neither oxidized nor 
reduced. 


(e We focus on the carbon atom that undergoes a 
change in bonding as a result of the transformation. In 
the starting material, that carbon atom has an oxidation 
state of 0. In the product, the same carbon atom has an 
oxidation state of +2. Since the oxidation state increases 
as a result of the transformation, the starting material is 
oxidized. 


(f) We focus on the carbon atom that undergoes a 
change in bonding as a result of the transformation. In 
the starting material, that carbon atom has an oxidation 
state of +2. In the product, the same carbon atom has an 
oxidation state of +3. Since the oxidation state increases 
as a result of the transformation, the starting material is 
oxidized. 
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12.11. The carbon atoms in the ring have been numbered for ease of analysis. Let’s consider each one separately. 


H4CO 


Carbon At Starting Material Product Change in Oxidation 
MOOR Oxidation State Oxidation State State 
1 +1 +1 0 
2 -1 -1 0 
3 0 0 0 
4 -1 -1 0 
5 +2 +1 Decrease by 1 
6 +2 +1 Decrease by 1 


Carbon atoms 1-4 do not undergo a change in oxidation state. Carbon atoms 5 and 6 both exhibit a decrease in 
oxidation state, so they are both reduced. This makes sense because both carbon atoms have lost a bond to oxygen. 


12.12. 

(a) Two curved arrows are used to show hydride 
delivery to the electrophilic carbon atom of the aldehyde 
carbonyl (C=O). Note that the tail of the first curved 
arrow is placed on the bond between Al and H (it is NOT 
placed on the negative charge). The resulting alkoxide 
ion is then protonated upon treatment with H30*. This 
protonation step (called workup) requires two curved 
arrows, as shown. 


o OH 
€ 
H 4) LIAIH4 H 
— 
2) H30" d 

i (om 
H—AI—H O° H/H 

l io 

us H 
H 


(b) Two curved arrows are used to show hydride 
delivery to the electrophilic carbon atom of the ketone 
carbonyl (C=O). Note that the tail of the first curved 
arrow is placed on the bond between AI and H (it is NOT 
placed on the negative charge). The resulting alkoxide 
ion is then protonated upon treatment with H3O*. This 
protonation step (called workup) requires two curved 
arrows, as shown. 


e | OH 
IND NM ae Pho A Ph 
2) H30* 

H 
H 


HO) 


(c) Two curved arrows are used to show hydride 
delivery to the electrophilic carbon atom of the ketone 
carbonyl (C=O). Note that the tail of the first curved 
arrow is placed on the bond between B and H (it is NOT 
placed on the negative charge). The resulting alkoxide 
ion is then protonated by the solvent (methanol), which 
requires two curved arrows, as shown. Because a new 
chiral center is generated in this reaction, a racemic 
mixture of enantiomers is produced. 


O OH 
e NaBH4 
————- 
a MeOH ad A 


(racemic) 


| 
H—B—H 
IS £O DHA Me 
I :0: d 
A 
H 


(racemic) 


(d) Two curved arrows are used to show hydride 
delivery to the electrophilic carbon atom of the ester 
carbonyl (C=O). Note that the tail of the first curved 
arrow is placed on the bond between Al and H (it is NOT 
placed on the negative charge). The resulting 
intermediate then ejects ethoxide as a leaving group, 
which requires two curved arrows. The resulting 
aldehyde is then further reduced by another equivalent of 
LiAlH4. Once again, two curved arrows are used to 
show hydride delivery to the electrophilic carbon atom of 
the aldehyde carbonyl (C=O). The resulting alkoxide ion 
is then protonated upon treatment with H30*. This 
protonation step (called workup) requires two curved 
arrows, as shown. 


12.13. 
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e OH 
prie 1) xs LiAIH4 H 
P 2) H30* H 
B H 
| S S ef 
son HVH o 
E Ls 
Go H 
M H 


(a) Two curved arrows are used to show hydride delivery to the electrophilic carbon atom of the ketone carbonyl 
(C=0). Note that the tail of the first arrow is placed on the bond between B and H (it is NOT placed on the negative 
charge). The resulting alkoxide is then protonated, which also requires two curved arrows. 


OR 7O " OR d 
dí ao. m <0: 


Ò ——————- 


OH OH 


OH OH 


(b) The stereoisomer that is formed is the result of hydride delivery to the bottom face of the C=O bond, so that the 
newly installed hydrogen atom is on a dash, and the oxygen atom ends up on a wedge. This indicates that the 
borohydride ion approaches preferentially from the bottom face of the carbonyl group. 


12.14. 

(a) Treating the ketone with methyl magnesium bromide 
(followed by aqueous workup) gives a tertiary alcohol, 
with installation of a methyl group (highlighted): 


Oo HO CH3 


"NOD P 1) MeMgBr 


2) H30* 
(b) Treating the aldehyde with phenyl magnesium 
bromide (followed by aqueous workup) gives a 
secondary alcohol, with installation of a phenyl group 
(highlighted): 


O OH 
WOR 1) PhMgBr 
——— 
H 2)Hs0* 


(racemic) 


A new chiral center is generated in this reaction, and 
therefore, a 1:1 mixture of enantiomers is produced. 


(c) Treating the ketone with the Grignard reagent shown 
(followed by aqueous workup) gives a tertiary alcohol, 
with installation of an alkyl group. The four-carbon alkyl 
group from the Grignard reagent is highlighted in the 
product: 


Ww Pe 
i ii ^ — 
p 2) HO* 


(racemic) 


A new chiral center is generated in this reaction, and 
therefore, a 1:1 mixture of enantiomers is produced. 


(d) Treatment of the alkyl bromide with magnesium 
metal produces a Grignard reagent, which is then treated 
with formaldehyde to give a primary alcohol (after an 
aqueous workup): 
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^ 
E le H^ ^H 
2) H,0* 


12.15. 
(a) We begin by identifying the a position: 


OH 


aes 


Next, we consider any possible C—C bond 
disconnections that can be made adjacent to the a 
position to give a suitable electrophile (C=O) and 
nucleophile (RMgBr). The target molecule has only two 
groups connected to the a position, so there are two 
possible retrosyntheses: 


(0) 


OH 
——» [CH4—MgBr + DR 
è- Hs 
Nucleophile Electrophile 
OH (0) 
Pe Names A BrMg ooN 
8€" H " 
+ é 
Electrophile Nucleophile 


Either one of the groups attached to the a position could 
have been installed via a Grignard reaction with the 
appropriate aldehyde, as shown: 


pis 


1) CH3MgBr 


D N 
pia 


1) E d 
2) H40* 


(0) 


A, 


(b) We begin by identifying the a position: 


OH 
mu 


Next, we consider any possible C—C bond 
disconnections that can be made adjacent to the a 
position to give a suitable electrophile (C=O) and 
nucleophile (RMgBr). The target molecule has three 
groups connected to the a position, although two of them 


are identical. So there are only two different 


retrosyntheses: 
OH [6] 
iet PN + | CH3—MgBr 
& à- 
Electrophile Nucleophile 
OH o 
| Jd. 
MgBr + 
AS ^O L 
Nucleophile Electrophile 


Either one of the unique groups attached to the a 
position could have been installed via a Grignard 
reaction, shown here: 

) CH3MgBr 


[6] 
Pee id PW 
Ó d 
1) CH3CH2CH2MgBr 
Pu 2) H30* 


(c) We begin by identifying the a position: 


OH 
T 


Next, we consider any possible C—C bond 
disconnections that can be made adjacent to the a 
position to give a suitable electrophile (C=O) and 
nucleophile (RMgBr). The target molecule has only one 
alkyl group connected to the a position, leading to a 
single possible retrosynthesis: 


OH 


i9) 
MgBr 
Ax og". d. 


Nucleophile Electrophile 


The n-propyl group attached to the a position could have 
been installed via a Grignard reaction with 
formaldehyde, as shown: 


JL 1) CHuCH;CH;MgBr OH 
» 
H H 2) H4O* pu 


(d) We begin by identifying the a position: 


OH 
we (RO) 
Next, we consider any possible C—C bond 


disconnections that can be made adjacent to the a 
position to give a suitable electrophile (C=O) and 


nucleophile (RMgBr). The target molecule has only two 
groups connected to the a position, so there are two 
possible retrosyntheses: 


OH 9) 
=> y 
BrM 
Ph — Ph A E g nat 


Electrophile Nucleophile 
OH 
gBr 
Bj tHe 
Nucleophile Electrophile 


Either one of the groups attached to the a position could 
have been installed via a Grignard reaction with the 
appropriate aldehyde, as shown. 


CX 1) CH3CH)MgBr 
H 


2) H0* 
Cee 
L ae | 


2) H30* 


H 


(e) We begin by identifying the a position: 
dS A 
OH 
Next, we consider any possible C—C bond 
disconnections that can be made adjacent to the a 
position to give a suitable electrophile (C=O) and 
nucleophile (RMgBr). The target molecule has three 


different groups connected to the a position, so there are 
three possible retrosyntheses: 


dba i CH3—MgBr 
du h => à- 
O + 
OH 


Electrophile Nucleophile 
ô+ [2 
pos = d s Bmg P 
OH O + 
Electrophile Nucleophile 
€ wo 
==> ~~ igBr + n 
OH 
Nucleophile Electrophile 
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Any of these three groups attached to the a position 
could have been installed via a Grignard reaction with 
the appropriate ketone, as shown. 


OW mS 


(0) 
1) CHCH2MgBr 
a l 
te ae "TS d d d 
(0) OH 
b dis 1) CH3CH2CH2CH2MgBr ye 


2) H30* 
(0) 


1) CHaMgBr 
2) H30* 


(f) We begin by identifying the a position: 


OH 
a 


Next, we consider any possible C—C bond 
disconnections that can be made adjacent to the a 
position to give a suitable electrophile (C=O) and 
nucleophile (RMgBr). The target molecule has three 
groups connected to the a position, although two of them 
are identical. So there are only two different 
retrosyntheses: 


Electrophile Nucleophile 


Either one of the unique groups attached to the a 
position could have been installed via a Grignard 
reaction, shown here. 
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@ o EJ 1) CH9MgBr 12.16. Each of the following two compounds can be 
prepared from the reaction between a Grignard reagent 
and an ester, because each of these compounds has two 

identical R groups connected to the a position: 


Q OH qi Me, OH a OH GO 
Se 
MgBr 
1) The other four compounds from Problem 12.15 do not 
OL contain two identical R groups connected to the a 


position, and cannot be prepared from the reaction 
between an ester and excess Grignard reagent. 


12.17. 

(a) This synthetic transformation converts an ester to an alcohol with the installation of two new methyl groups. Both 
methyl groups can be installed in the same Grignard reaction, using CH3MgBr (MeMgBr), since two equivalents of a 
Grignard reagent will react with an ester. After the reaction is complete, an aqueous acidic workup then gives the 


desired product. 
1) xs CHaMgBr - xs CH4MgBr 
2) 2H 
HO CO;Me 


(b) In this case, a third equivalent of the Grignard reagent is required because of the presence of the alcohol functional 
group. The acidic proton of the alcohol will react with one equivalent of the strongly basic Grignard reagent: 


194 A.. ©.. * CH4 
Here SHO CO;Me de CO;Me 
H 


(c) In the first step of the mechanism, a proton transfer reaction occurs. One equivalent of the Grignard reagent 
(methyl magnesium bromide) functions as a base and removes the proton of the alcohol. This step requires two curved 


arrows. 
j CH 
| e. Ox a 4 
so “H&S CO;Me :0 CO;Me 
H 


In the second step of the mechanism, a second equivalent of the Grignard reagent functions as a nucleophile and attacks 
the electrophilic carbon atom of the carbonyl (C=O) of the ester. This step requires two curved arrows. The resulting 
intermediate then ejects a leaving group to give a ketone, which also requires two curved arrows. The electrophilic 
ketone is then further attacked by a third equivalent of the nucleophilic Grignard reagent. Once again, two curved 
arrows are used to show the nucleophilic attack, resulting in a dianion. 


720 m" d 
"v 3" Come 
H-C 
H 


E HC CHa 


r-O ox 
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Finally, the dianion is then protonated upon treatment with aqueous acid. There are two locations that are protonated, 
each of which requires two curved arrows, as shown. Notice that each anion is protonated in a separate step (this should 
not be drawn as one step with four curved arrows, because there are two distinct processes occurring, and it is unlikely 


that they occur precisely at the same moment). 


12.18. 
(a) This type of transformation can be achieved via a 
Grignard reaction. 


o 
1 
Mg » Ok 
R-Br ——» R-MgBr ——> R 
s ST BB: 


However, the starting halide has an acidic OH group, 
which is incompatible with a strongly basic Grignard 
reagent. To resolve this issue, we must first protect the 
OH group by converting it to a silyl ether (OTMS), and 
then we can perform the desired Grignard reaction. 
Deprotection with tetrabutylammonium fluoride (TBAF) 
then gives the desired product, as shown. 


OH 1) TMSCI, EtgN OH OH 
Br 2)Mg 

3) (CH3)2C=O 

4) H30* 

5) TBAF 

TMSCI, 
Et4N TBAF 

OTMS OTMS OH 


Br 
1) Mg 
Co : pa 


3) H30* 


"n 


(b) This type of transformation can be achieved via a 
Grignard reaction in which the Grignard reagent is 
treated with 0.5 equivalents of an ester. 


(0) 


2 A 


OMe 
Mg (0.5 eq) OH 
—- R-MgBr —— ———- 

2) HO R~ ^R 


R—Br 


However, the starting halide has an acidic OH group, 
which is incompatible with a strongly basic Grignard 
reagent. To resolve this issue, we must first protect the 
OH group by converting it to a silyl ether (OTMS), and 
then we can perform the desired Grignard reaction. 


Deprotection with tetrabutylammonium fluoride (TBAF) 
then gives the desired product, as shown. 


OH OTMS 
Pr ^ msc, Br 
—————- 
EtN 
1) Mg 
(6) 
2 JL 
OTMS OH OTMS OMe 
(0.5 equivalents) 
MN d 
[pees 
OH OH OH 


12.19. 

(a) We must convert a secondary alcohol into a 
secondary alkyl bromide, with inversion of 
configuration, so an Sn2 process is required. However, 
the OH group is a bad leaving group. One way around 
this issue is to convert the OH group into a tosylate (by 
treating the alcohol with tosyl chloride and pyridine). 
The tosylate can then be treated with bromide to give the 
desired product. Note that tosylate formation proceeds 
with retention of configuration, while the subsequent Sn2 


reaction (with bromide) proceeds with inversion, 
producing the desired product with the correct 
stereochemistry. ^ Alternatively, the alcohol can be 


treated with PBr3 to give a reaction with inversion of 
configuration, affording the desired product with the 
correct stereochemistry. 


1) TsCl, py 


OH — /2NaB N 


N Pr 97 Ce 


"ug 
=a 


468 CHAPTER 12 


(b) We must convert a tertiary alcohol into a tertiary 
alkyl bromide. This can be achieved upon treatment 
with HBr, which provides both an acidic proton to 
convert the OH group into a good leaving group (water), 
as well as a nucleophilic bromide ion. This Snl process 
involves a very stable carbocation (tertiary benzylic), so 
we don’t have to worry about rearrangement in this case. 


OH Br 


(c) We must convert a secondary alcohol into a 
secondary alkyl chloride, with inversion of 
configuration, so an Sn2 process is required. However, 
the OH group is a bad leaving group. One way around 
this issue is to convert the OH group into a tosylate (by 
treating the alcohol with tosyl chloride and pyridine). 
The tosylate can then be treated with chloride to give the 
desired product. Note that tosylate formation proceeds 
with retention of configuration, while the subsequent Sn2 


reaction (with chloride) proceeds with inversion, 
producing the desired product with the correct 
stereochemistry. Alternatively, the alcohol can be 


treated with thionyl chloride and pyridine to give a 
reaction with inversion of configuration, affording the 
desired product with the correct stereochemistry. 


1) TsCl, py 


/ 2)NaCl \ 


SOCL 
———————————» ucl 
[=o py DO i 


(d) We must convert a secondary alcohol into a 
secondary alkyl bromide, with inversion of 
configuration, so an Sn2 process is required. However, 
the OH group is a bad leaving group. One way around 
this issue is to convert the OH group into a tosylate (by 
treating the alcohol with tosyl chloride and pyridine). 
The tosylate can then be treated with bromide to give the 
desired product. Note that tosylate formation proceeds 
with retention of configuration, while the subsequent Sn2 


"up 


reaction (with bromide) proceeds with inversion, 
producing the desired product with the correct 
stereochemistry. Alternatively, the alcohol can be 


treated with PBr3 to give a reaction with inversion of 


12.20. 


configuration, affording the desired product with the 
correct stereochemistry. 


1) TsCl, py 


// 2)NaBr P" 
N PBr3 / 


(e) We must convert a secondary alcohol into a 
secondary alkyl chloride, so a substitution process is 
required. However, the OH group is a bad leaving 
group. One way around this issue is to convert the OH 
group into a tosylate (by treating the alcohol with tosyl 
chloride and pyridine). The tosylate can then be treated 
with chloride to give the desired product. Alternatively, 
the alcohol can be treated with thionyl chloride and 
pyridine, or with HCl and ZnCl. 


1) TsCl, py 


/ 2)NaCl N 
E Soch 
OH py : 
N dé. 7 


ZnClo 


Be 


(f) We must convert a primary alcohol into a primary 
alkyl chloride, so an Sn2 process is required. However, 
the OH group is a bad leaving group. One way around 
this issue is to convert the OH group into a tosylate (by 
treating the alcohol with tosyl chloride and pyridine). 
The tosylate can then be treated with bromide to give the 
desired product. Alternatively, the alcohol can be treated 
with HBr or with PBrs. 


1) TsCl, py 


/ 2)NaBr N 


(a) When diol 1 is treated with PBr3, each of the two OH groups can separately react with the reagent to produce 
dibromide 2. Notice that the configuration of the chiral center is now inverted, since the mechanism for bromide 


displacement involves an Sn2 mechanism. 


Br 


Br 


(b) The byproduct can be formed via the following process. 
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First, the terminal alcohol is converted into a good 


leaving group upon treatment with PBr3. However, before a bromide ion can attack this intermediate, an intramolecular 
Sn2-type reaction occurs — the internal OH group can displace the good leaving group of 4 to form cyclic ether 5 which 
can be deprotonated to produce by-product 3. This mechanism agrees with the stereochemical outcome, because it does 
not involve the chiral center, and therefore the configuration of the chiral center is retained. 


a 


In the proposed mechanism shown above, the primary OH group is converted into a good leaving group, and the 
secondary OH group functions as a nucleophile. If instead the secondary OH group had reacted with PBrs (6), and the 
primary OH group had functioned as a nucleophile, then compound 7 would have been produced, which is not the by- 
product. Notice that with this mechanism, the configuration of the chiral center is now inverted, since the mechanism 
for bromide displacement involves an Sn2-type back-side attack. Compound 7 is the enantiomer of the observed by- 


product. 
ME 
B e N ^u R 
z — > 
u ep P ES 2 
| 6 7 
Br wrong 
enantiomer 
12.21. 12.22. 


(a) An alcohol is converted to an alkene upon treatment 
with concentrated sulfuric acid. In this case, there are 
two possible regiochemical outcomes, and we expect that 
the more substituted alkene will be the major product. 


EDEN 


major minor 


conc. 
pou H5SO, 


heat 


(b) An alcohol is converted to a tosylate upon treatment 
with tosyl chloride and pyridine. This tosylate is a 
secondary substrate, and ethoxide is both a strong 
nucleophile and a strong base. Recall from Chapter 7 
that a secondary substrate is expected to react with 
ethoxide via an E2 process to give the major product 
(while Sn2 gives the minor product). 


O- Sat D Qo 
major minor 
NTsCI, 
py 
>- or, _N2OEt 


1) TsCl, ADLER 
2)NaOEt NaOEt 


(a) The alcohol in this case is secondary. Chromic acid 


will oxidize the alcohol to give a ketone. 
2 >= 


(b) The alcohol in this case is primary. Chromic acid 
will oxidize the alcohol to give a carboxylic acid. 


T 


(c) The alcohol in this case is primary. This alcohol is 
oxidized upon treatment with chromic acid to give a 
carboxylic acid group, and the aldehyde group (already 
present) also undergoes oxidation to give a carboxylic 


acid group as well. 


H 
"(uos —R 
O 


NaCO? La 
"HOO, 420 — H20 


OH 


NECO 
“15804, O - 


xs CrO3 
HOt 
acetone 
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(d) The alcohol in this case is primary. A Swern 
oxidation will oxidize the alcohol to give an aldehyde. 


H 
OH i9) 


1) DMSO, (COCI) 
2) E&N 


(e) The alcohol in this case is secondary. PCC will 


(f) The alcohol in this case is primary. Dess-Martin 
periodinane (DMP) will oxidize the alcohol to give an 
aldehyde, and the other aldehyde group (already present) 
is unreactive toward these conditions. Note that the 
trans orientation of the two groups on the ring is 
retained, consistent with the fact that none of the bonds 
connected to the ring undergo any changes. 


HO (0) (0) Oo 
vC X oom Ye 
EMI H 


oxidize the alcohol to give a ketone. 
PCC 
OH = ÁN i9) 
CH2Cly 


12.23. As with all synthesis problems, we must determine: 1) if there is a change in the carbon skeleton, and 2) if there 
is a change in the functional groups. By numbering the carbon atoms of the galantamine side chain, we see that the 
number of carbon atoms has remained the same. We can also observe that the carbon-carbon double bond of the 
starting material has been replaced by a carbon-carbon single bond, along with the installation of a carbon-oxygen 
double bond at the position labelled as C2. 


MeO H 


The following retrosynthesis shows that the aldehyde can be made from the corresponding alcohol via an oxidation 
reaction. This alcohol can be made from the alkene via a hydration reaction. The C2 position is highlighted in the 
retrosynthetic scheme shown below: 


MeO 


Now let's draw the forward process. The hydration step requires anti-Markovnikov regioselectivity, so a 
hydroboration-oxidation reaction is appropriate. Since the alcohol is primary, care must be used to select a reagent that 
will produce the aldehyde and not a carboxylic acid in the oxidation reaction (e.g., PCC, DMP or Swern oxidation). 
The following reaction sequence would produce the desired product: 


MeO H 1?BH,THrF  MeQ H 
5 2) H505, NaOH > 


—————— 
3) PCC, CH5Cl5 


MeO 
1) BH3 + THF 


2) H2O2, NaOH 


12.24. 

(a) The retrosynthetic analysis of the target molecule 
asks, “What reaction have we seen that produces an 
alcohol product?” This analysis reveals two potential 
starting materials—an alkene or an aldehyde: 


^ 


So we can see that there are at least two acceptable 
answers to this problem. In one option, the desired 


transformation is achieved by converting the alkyne into 
an alkene, followed by anti-Markovnikov addition of H 


and OH. 


1) BH3° THF 


Lindlar's 2) H203, 
cat. NaOH 


AA 
1) Hz, Lindlar's cat. 
2) BH3°THF 


3) H203, NaOH 


Another reasonable route involves conversion of the 
alkyne to an aldehyde via hydroboration-oxidation, 
followed by reduction with LiAIHa. 


Za 1) R;BH 
2) H505, NaOH 
3) LiAIH4 
4) H30* 
H 
1) RBH 1) LiAIH4 
2) H202, fe 2) H3O* 


(b) The retrosynthetic analysis of the target molecule 
asks, “What reaction have we seen that produces an 
alkyne product?" This analysis reveals an alkene as a 
potential starting material: 


LE LM vw S — 00 


The required alkene can, in turn, be prepared from the 
given alcohol starting material. 

Now let's draw the forward process. The desired 
transformation can be achieved by converting the alcohol 
into an alkene, either by acid-catalyzed dehydration (E1) 
or by E2 elimination of a good leaving group (e.g., 
tosylate). For the route involving an E2 elimination, it is 
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important that the base is sterically hindered (tert- 
butoxide). With a primary substrate, SN2 will likely 
predominate over E2 if the base is not sterically 
hindered. Alternatively, a non-nucleophilic base, such as 
DBU, can be used. Finally, the resulting alkene can be 
converted into the alkyne target molecule by addition of 
Br», followed by two successive elimination reactions, as 
shown. 


conc. 
H5S04, 


/ heat N 


pce di ASS 


1) TsCI, 
pyridine 


2) t-BuOK 


1) Br? 


2) xs NaNH; » 
3) H20 


(c) The retrosynthetic analysis of the target molecule 
asks, "What reaction have we seen that produces an 
aldehyde product?" The simplest path involves an 
alcohol intermediate, because the alcohol can be easily 
prepared from the given alkene starting material: 


O OH 
eM LM Sy 


Now let’s draw the forward process. The desired 
transformation can be achieved by converting the alkene 
into an alcohol via an anti-Markovnikov addition of H 
and OH, and then oxidizing the resulting primary alcohol 
with PCC to give the aldehyde, as shown. 


1) BH3: THF 
2) H3O>, NaOH 
ANZ C 3PCC6,CH;6b 


OH 
1) BH3: THF Pu PCC 


2) H905, NaOH CHCl 


(d) The retrosynthetic analysis of the target molecule 
asks, “What starting material can be used to make an 
alkane?” One reaction we’ve seen that generates a 
product with no functional groups is catalytic 
hydrogenation of an alkene. The required alkene can be 
produced from the given alcohol: 


d eI i E 


Now let’s draw the forward process. The desired 
transformation can be achieved by converting the alcohol 
into an alkene, either by acid-catalyzed dehydration (E1) 
or by E2 elimination of a good leaving group (e.g., 
tosylate). Finally, the alkene is reduced to the alkane 
target molecule by catalytic hydrogenation, as shown. 
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cone. 
H2S04, 


heat 
H2 
OH 


1) TsCl, py 
2) NaOEt 


(e) The retrosynthetic analysis of the target molecule 
asks, “What reaction have we seen that produces an 
alkene product?” The simplest path involves an alcohol 
intermediate, because the alcohol can be easily prepared 
from the given aldehyde starting material: 


yae 


Now let’s draw the forward process. The desired 
transformation can be achieved by reducing the 
aldehyde, and then converting the resulting alcohol into 
an alkene, as shown. Ifthe second process is performed 
by converting the alcohol to a tosylate, followed by 
treatment with a strong base, then it is important that the 
base is sterically hindered (tert-butoxide). With a 
primary substrate, Sn2 will likely predominate over E2 if 
the base is not sterically hindered. Alternatively, a non- 
nucleophilic base, such as DBU, can be used. 


cone. 
H2504, 


heat 
Ò OH 


1) LiAIH4 
——————— 
1) TsCl, b df 
\ pyridine / 


H 2) H30" 
2) -BuOK or DBU 


(f) The retrosynthetic analysis of the target molecule 
asks, “What reaction have we seen that produces an 
alkene product?” The simplest path involves an alcohol 
intermediate, because the alcohol can be easily prepared 
from the given aldehyde starting material: 


A> 


Now let’s draw the forward process. The desired 
transformation can be achieved by reducing the ketone 
with a hydride reducing agent (such as LiAIH4), and then 
converting the resulting secondary alcohol into an 
alkene, as shown. If the second process is performed by 
converting the alcohol into a tosylate, followed by 
treatment with a strong base, then it is important that the 
base is not sterically hindered. A sterically hindered 
base would give the less-substituted alkene as the major 
product (Hofmann product), but we need the more- 
substituted alkene (Zaitsev product). Appropriate bases 
include hydroxide, methoxide and ethoxide (ethoxide is 
shown in the following synthesis). 


OH i9) 


=> 


conc. 
H5S04, 


heat 
[9] OH 


y^ 1) LIAIH4 Y^ 
————- ae 
1) TsCl, 


2) H30* 
\ pyridine / 


2) NaOEt 


12.25. Compound 1 contains both an ester group and an amide group. As described in the problem statement, 
treatment of compound 1 with LiBHs is expected to result in reduction of the ester group, while the amide group will 
remain unchanged. Notice that two equivalents of hydride are added to the ester carbon atom, reducing it to an alcohol. 


ester group | O OEt OH 
is reduced | X^ T: A E: 
= — z 
HO ZB HO SS 
1) excess LIBH 
amide group N ) 2 N 
is not reduced O 2) H20 0 
4 OCH, 2 OCH, 
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Treatment of diol 2 with excess NaH (a base to generate alkoxide ions), followed by excess benzyl bromide, converts 


both hydroxyl groups into ether groups. 


Finally, partial reduction of the alkyne by hydrogenation in the presence of a 


poisoned catalyst affords the cis-alkene (compound 3). Note that the stereochemistry of all chiral centers is conserved 


throughout this synthetic sequence. 


OH Ph 
m B 
HO em excess NaH ie 
N excess PhCH»Br 
— —5» 
o DMF o 
2 OCH3 


12.26. 

(a) The product has more carbon atoms than the starting 
material, so we must form a carbon-carbon bond. This 
can be achieved with a Grignard reaction (using ethyl 
magnesium bromide to install an ethyl group). The 
resulting alcohol can then be oxidized to give the desired 
product. Any oxidizing agent (that we have seen) is 
suitable to convert this secondary alcohol to a ketone 
(e.g., chromic acid, PCC, DMP or Swern oxidation). 


1) EtMgBr 
O  2)H,0* o 
i 
3) Na>Ċr207, 
H H2804, H20 
LS, Nas0ri0r, 
1) EtMgBr OH H2504, 
2) H30* H20 


(b) The product has one more carbon atom than the 
starting material, so we must form a carbon-carbon bond. 
This can be achieved with a Grignard reaction (using 
methyl magnesium bromide to install a methyl group). 
The resulting alcohol can then be oxidized to give the 
desired product. Any oxidizing agent (that we have 
seen) is suitable to convert this secondary alcohol to a 


ketone (e.g, chromic acid, PCC, DMP or Swern 
oxidation). 
1) MeMgBr 
O 2) H307 i9) 
———— 
pw 3) Na2Cr207, whl 
H H5804, H20 
Na;Cr205, 
1) MeMgBr pos H2504, 
F H20 
2) H30 
12.27. 


(a) The target molecule has one additional carbon atom, 
so the retrosynthesis requires a C—C bond disconnection. 
The disconnection is made at the a position of the 


Lindlar's catalyst © 


OCH 3 OCHs 


alcohol to give a suitable electrophile (C=O) and 
nucleophile (RMgBr): 


i9) 
OH A 
p => è+ + Chis —MgBr 
Electrophile Nucleophile 


To complete the synthesis, we just need to bridge the gap 
between the given alcohol starting material and the 
required ketone. Conversion of a secondary alcohol to a 
ketone is an oxidation reaction, and we can use a wide 
variety of reagents for this step, such as chromic acid, 
PCC, DMP or Swern oxidation. Finally, a Grignard 
reaction with methyl magnesium bromide will give the 
desired target molecule: 


1) Na;Cr207, OH 
OF H2504, H20 
oe 2) MeMgBr AN 
3) H30* 
Na;Cr2O;, O  4)MeMgBr 
H5SO4, H20 BAR 2) H,0* 


(b) The target molecule has one additional carbon atom, 
so the retrosynthesis requires a C—C bond disconnection. 
The disconnection is made at the a position of the 
alcohol to give a suitable electrophile (C=O) and 
nucleophile (RMgBr): 


l OH 
& H 
à diis —MaBr 
i9) 
Electrophile Nucleophile 


To complete the synthesis, we just need to bridge the gap 
between the given alkyne starting material and the 
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required aldehyde. The aldehyde can be made from a 
terminal alkyne via hydroboration-oxidation. Finally, a 
Grignard reaction with methyl magnesium bromide will 
give the desired target molecule: 


1) R;BH 
2) H20», NaOH 
oe 
Z 3) MeMgBr 
4) H30* 


ie 22 d 


OH 
H 
1) R;BH fe NET 1) MeMgBr 
O 


2) H30* 


(c) The target molecule has two additional carbon 
atoms, so the synthesis requires a C—C bond-forming 
reaction. The retrosynthetic analysis of the target 
molecule asks, “What reaction have we seen that 
produces a ketone product?" The ketone can be prepared 
by oxidation of the corresponding alcohol, and the 
alcohol is suitable for making the required C—C bond 
disconnection (at the a position): 


O OH 
— 
è- 


ò+ H + BrMg ^ 


i9] 


Electrophile Nucleophile 
Now let's draw the forward process. The aldehyde can 
be treated with a Grignard reagent (ethyl magnesium 
bromide), and the resulting alcohol can then be oxidized 
to give the desired target molecule. Conversion of a 
secondary alcohol to a ketone can be achieved with a 
wide variety of reagents, such as chromic acid, PCC, 
DMP or Swern oxidation. 


Oo 1) EtMgBr O 
2) H30* 
— 
H 3) Na?Cr20;, 
H2804, H20 
NaĊr20 
OH 201207, 
H2S0,, 
1) EtMgBr H20 
2) H30* 


(d) The target molecule has one additional carbon atom, 
so the synthesis requires a C—C bond-forming reaction. 
The retrosynthetic analysis of the target molecule asks, 
“What reaction have we seen that produces an alkene 


product?” The alkene can be prepared by elimination of 
the corresponding alcohol, and the alcohol is suitable for 
making the required C—C bond disconnection (at the a 
position): 


OH 


li o 
CH4—MgBr + x 
ad 


Nucleophile Electrophile 
Now let’s draw the forward process. The starting ketone 
can be treated with a Grignard reagent (methyl 
magnesium bromide) to give a Grignard reaction. The 
resulting alcohol can be converted to an alkene, either by 
acid-catalyzed dehydration (E1) or by E2 elimination of 
a good leaving group (e.g., tosylate) to give the Zaitsev 
product: 

conc. 

H2504 


/ heat N 


OH 
1) MeMgBr 
—— > 
2) H30* 


\1) TsCl, py / 


2) NaOEt 


(e) The target molecule has three additional carbon 
atoms, so the synthesis requires a C—C bond-forming 
reaction. The retrosynthetic analysis of the target 
molecule asks, “What reaction have we seen that 
produces an alkyl chloride product?" The chloride can be 
prepared by substitution of the corresponding alcohol, 
and the alcohol is suitable for making the required C—C 
bond disconnection (at the a position): 


lw d —, a 


Bt BR 
5 
xA moci $c 


Nucleophile Electrophile 
Now let's draw the forward process. The alkyl halide is 
first treated with magnesium metal to produce a Grignard 
reagent, followed by reaction with the required ketone 
(acetone). The resulting alcohol can then be converted to 
the desired target molecule by treatment with thionyl 
chloride (or HCI/ZnCl): 


1) Mg 
o 
2) a ANS 
3 
os py 
DMa E 
3 AÅ 
3) H30* 


(f) The target molecule has two additional phenyl 
groups, so the retrosynthesis requires two C—C bond 
disconnections. The first disconnection in the 
retrosynthesis of the target molecule is made at the a 
position of the alcohol to give a suitable electrophile 
(C=O) and nucleophile (PhMgBr): 


OH 
=> . € eum 


Ph 
Electrophile Nucleophile 

The retrosynthetic analysis continues by asking, “What 
reaction have we seen that produces a ketone product?" 
The ketone can be prepared by oxidation of the 
corresponding alcohol, and the alcohol is suitable for 
making the second required C—C bond disconnection 
(again at the a position): 
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o 
ont : ( Yes 


Electrophile Nucleophile 


Now let's draw the forward process. The starting 
aldehyde is first treated with a Grignard reagent (phenyl 
magnesium bromide) to give a Grignard reaction. The 
resulting alcohol can be then converted to a ketone by 
oxidation with a variety of oxidizing agents, including 
chromic acid. Finally, a second Grignard reaction with 
phenyl magnesium bromide will give the desired target 
molecule: 

1) PhMgBr 

2) H30* 

o 3) NagCr207, H2804, H20 vi 


f » 
4) PhMgBr prt Ph 
Ph^ ^H 


5) H3O* Ph 


1) PhMgBr 
2) HO* 


1) PhMgBr 
2) H0* 


OH (0) 
P NagCr207 EUN 
—————- 

Ph Ph H2SO4,H20 Ph Ph 
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12.28. The following synthesis is one suggested approach. There are certainly other acceptable synthetic pathways 
that accomplish the same goal. 

The product (hexyl butanoate) has a total of 10 carbons, all of which must be ultimately derived from acetylene (which 
has two carbon atoms). Thus, we will likely use five equivalents of acetylene in this synthesis. We can map each two- 
carbon fragment of the product back to acetylene as shown below. 


O 
AAA JOR. 


LUL vd 
44444 


The figure below outlines a retrosynthetic analysis for our target molecule. An explanation of each of the steps (a-/) 
follows. 


O O 
b 
NN E S => CA LU S o => kie GU N 
h c 
Ns , ! 
l |: 
f 
N ABr + SS a i Bor => 2 
l^ IE 
l made from two Z 


NZ =>  equivalnts of acetylene 


as described in steps d-g 


R 


Hexyl butanoate is made from an Sn2 reaction between 1-bromohexane and the carboxylic acid shown (after 
deprotonation of the carboxylic acid to make a good nucleophile). 

The carboxylic acid is made by oxidation of 1-butanol. 

1-Butanol is made by anti-Markovnikov hydration of 1-butene. 

1-Butene is made by partial reduction of 1-butyne. 

1-Butyne is made from an Sn2 reaction between acetylene (which must be deprotonated to form an acetylide 
ion) and bromoethane. 

Bromoethane is made by addition of HBr to ethylene. 

Ethylene is made by partial reduction of acetylene. 

1-Bromohexane is made by anti-Markovnikov addition of HBr to 1-hexene. 

1-Hexene is made by partial reduction of 1-hexyne. 

1-Hexyne is made from an Sn2 reaction between acetylene (which must be deprotonated to form an acetylide 
ion) and 1-bromobutane. 

k.  l-Bromobutane is made by anti-Markovnikov addition of HBr to 1-butene. 

lL  1-Butene is made as described in steps d-g. 


gage 


Som og SK 


Now let’s draw the forward scheme. Acetylene is converted to bromoethane in two steps by hydrogenation with 
Lindlar’s catalyst followed by addition of HBr to the resulting alkene. Reaction of bromoethane with sodium acetylide 
(made by deprotonation of acetylene with sodium amide) produces 1-butyne, which is then treated with H2 and 
Lindlar’s catalyst to furnish 1-butene. Anti-Markovnikov addition of water (via hydroboration-oxidation) gives 1- 
butanol, which is subsequently oxidized to the carboxylic acid using chromic acid. Deprotonation with sodium 
hydroxide followed by reaction with 1-bromohexane produces the product, hexyl butanoate. (1-Bromohexane is made 
in four steps from 1-butene, as shown. Anti-Markovnikov addition using HBr and peroxides gives 1-bromobutane. 
Reaction with sodium acetylide gives 1-hexyne, which is subsequently reduced to 1-hexene with H2 and Lindlar's 
catalyst. Anti-Markovnikov addition using HBr and peroxides gives 1-bromohexane.) 


|NaNH. 
H5 HBr HC —CNa 
ZB — Fe m ee 
Lindlar's 
catalyst 
É HBr HC —CNa 
———- —> a SR 
AN By 
ROOR 
made as 
desorbed 
above 
12.29. 


(a) We begin by identifying the parent. The carbon 
atom connected to the OH group must be included in the 
parent. The longest chain that includes this carbon atom 
is five carbon atoms in length. So the parent is pentanol. 
There is only one substituent (highlighted) — a propyl 
group, located at C2. A locant is included to indicate the 
location of the OH group. 


2-propyl-1-pentanol 
or 
2-propylpentan-1-ol 


(b) We begin by identifying the parent. The carbon 
atom connected to the OH group must be included in the 
parent. The longest chain that includes this carbon atom 
is five carbon atoms in length. So the parent is pentanol. 
There is only one substituent (highlighted) — a methyl 
group, located at C4. Finally, we assign a configuration 


to the chiral center. 
OH 
Ew 


1 3 5 
(R)-4-methyl-2-pentanol 
or 


(R)-4-methylpentan-2-ol 


(c) We begin by identifying the parent (phenol). There 
are two substituents (highlighted) — a bromo group and a 
methyl group. Notice that the ring is numbered starting 
from the carbon atom bearing the OH group (it is not 
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H 1) BH3: THF 
AN 2 S ) BHs Ü 
Lindlar's 2) H202 
catalyst NaOH Na5Cr505, 
H5804, 
H;O 


(0) 


— "a t a AS 


Xu Lindlar's 


catalyst HBr 
ROOR 1) NaOH 
2) 
Pss 
Br 
[6] 


necessary to indicate a locant for the OH group, because 
in a ring, it is assumed to be at Cl, by definition). We 
then number in the direction that gives the second 
substituent the lowest possible number (C2 rather than 
C4). According to this numbering scheme, the bromo 
group is at C2 and the methyl group is at C4. The 
substituents are arranged alphabetically in the name. 


S «35H 


X Br 


2-bromo-4-methylphenol 


(d) We begin by identifying the parent. The carbon 
atom connected to the OH group must be included in the 
parent. That carbon atom is part of a six-membered ring, 
so the parent is cyclohexanol. There is only one 
substituent (highlighted) — a methyl group. Notice that 
the parent chain is numbered starting from the carbon 
atom bearing the OH group (it is not necessary to 
indicate a locant for the OH group, because in a ring, it is 
assumed to be at Cl, by definition). The numbers go 
clockwise, so as to give the lowest number to the 
substituent (C2 rather than C6). Finally, we assign a 
configuration to each chiral center. 


wie H 
“in, 


(1R,2R)-2-methylcyclohexanol 


12.30. 
(a) Cyclohexanediol is a six-membered ring containing 
two OH groups. The locants for the OH groups (C1 and 
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C2) indicate that they are on adjacent carbon atoms, and 
the name of the compound indicates a cis configuration. 
That is, the OH groups are on the same side of the ring, 
giving the following meso compound. 


ic. 
2 YOH 
(b) Isobutyl alcohol is the common name for 2-methyl- 
l-propanol. The parent is a chain of three carbon atoms, 


with the OH group connected to the C1 position and a 
methyl group connected to the C2 position: 


3 1 


(c) The parent is phenol and the OH group is assumed to 
be at Cl, by definition. There are three substituents (all 
of which are nitro groups) located at C2, C4 and C6. 


OH 


ON 6 “ UNO, 
2 


4 
NO; 


(d) The parent (3-heptanol) is a chain of seven carbon 
atoms containing an OH group at the C3 position. The 
name indicates that there are two substituents (both 
methyl groups) at the C2 position. The C3 position is a 
chiral center, and it has the R configuration. 


OH 


(e) Ethylene glycol is the common name for the 
following diol. 


HO, Anoy 


(£) The parent (1-butanol) is a chain of four carbon atoms 
with an OH group connected to the C1 position. The 
name indicates that there is one substituent (a methyl 
group) at C2. The C2 position is a chiral center, and it 
has the S configuration. 


TE NT 


1 3 


12.31. The solution to Problem 1.ld shows all 
constitutional isomers with the molecular formula 
C4H100. Four of these isomers are alcohols, and have 
the following systematic names: 


OH OH OH 
E RAN pu Ed pu 
1-butanol 2-butanol 2-methyl- 2-methyl- 
2-propanol 1-propanol 


12.32. 

(a) The trichloromethyl group (CCls) is powerfully 
electron-withdrawing because of the combined inductive 
effects of the three chlorine atoms. As a result, the 
presence of a trichloromethyl group stabilizes the 
conjugate base (alkoxide ion) that is formed when the 
OH group is deprotonated. So the presence of the 
trichloromethyl group (in close proximity to the OH 
group) renders the alcohol more acidic. The compound 
with two such groups is the most acidic, because it has 
the most stable (weakest) conjugate base. 


Increasing acidity 


bi ad Poe PUR 
OH OH OH 


(b) The following order is based on a solvating effect, as 
described in Section 3.7. Specifically, the presence of 
tert-butyl groups will destabilize the conjugate base that 
is formed when the OH group is deprotonated. As such, 
the compound with two tert-butyl groups will be the 
least acidic, because it has the least stable (strongest) 
conjugate base. 


Increasing acidity 


(c) These compounds are expected to have the following 
relative acidity. 


Increasing acidity 

° LOH on oe 

NO; 
Cyclohexanol is the least acidic because its conjugate 
base is not resonance-stabilized (making it the least 
stable conjugate base). The other two compounds are 
much more acidic, because each of them generates a 
resonance-stabilized phenolate ion upon deprotonation. 
Among these two compounds, 2-nitrophenol is more 
acidic, because its conjugate base has an additional 
resonance structure in which the negative charge is 


placed on an oxygen atom of the nitro group (making it 
the most stable conjugate base). 


+O 

9: o 
Ne ile 
Qo Q5 


Note: This conjugate base has additional resonance 
structures not shown here. 


12.33. 

(a) This structure exhibits a lone pair next to a x bond, so 
we draw the two curved arrows associated with that 
pattern (see Section 2.10). The first curved arrow is 
drawn showing a lone pair becoming a x bond, while the 
second curved arrow shows a x bond becoming a lone 
pair. The resulting resonance structure also exhibits a 
lone pair next to a x bond, so again we draw the two 
curved arrows associated with that pattern. This is 
continued until we have drawn all of the resonance 
structures, shown here. 


B £] 5° © fe al 
— L X 
SU n 
P d 
o? So 
Te 
L o 


(b) This structure exhibits a lone pair next to a x bond, 
so we draw the two curved arrows associated with that 
pattern (see Section 2.10). The first curved arrow is 
drawn showing a lone pair becoming a x bond, while the 
second curved arrow shows a x bond becoming a lone 


pair. 
e 
:: O 
Thy ++ DM 


(c) This structure exhibits a lone pair next to a x bond, so 
we draw the two curved arrows associated with that 
pattern (see Section 2.10). The first curved arrow is 
drawn showing a lone pair becoming a x bond, while the 
second curved arrow shows a x bond becoming a lone 
pair. The resulting resonance structure also exhibits a 
lone pair next to a x bond, so again we draw the two 
curved arrows associated with that pattern, giving the 
third and final resonance structure. 
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12.34. 

(a) 1-Butanol is a primary alcohol. When treated with 
PBrs, the OH group is replaced with Br, so the product is 
1-bromobutane. 


PBr3 


inde = di 


(b) 1-Butanol is a primary alcohol. When treated with 
SOCL and pyridine, the OH group is replaced with Cl, so 
the product is 1-chlorobutane. 


SOCL 


up TON pyridine 


ae 


(c) 1-Butanol is a primary alcohol. When treated with 
HCI and ZnCb, the OH group is replaced with Cl, so the 
product is 1-chlorobutane. 


ZnCb 
— 


Aon EI 


N Ace 


(d) When treated with Dess-Martin periodinane (DMP), 
a primary alcohol is oxidized to give an aldehyde (which 


is not further oxidized). 
e) 


DMP xc sd 
SEP T 


BOON. Te ee 


(e) When treated with chromic acid, a primary alcohol is 
oxidized to give a carboxylic acid. 
i9) 


ES 


(f) When treated with lithium, an alcohol is converted to 
its conjugate base, an alkoxide ion. 


Na5Cr50; 


AOV 
OH iso, HO 


Li 


(g) When treated with sodium hydride (a strong base), an 
alcohol is deprotonated to give an alkoxide ion. 


NaH o 6 
A07gH » pO SOS Na 
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(h) When treated with TMSCI and a base (Et3N), the OH 
group is protected (it is converted to OTMS). 


TMSCI 
————» 


wa 
OH EtaN 


x Momms 


(i) When treated with tosyl chloride and a base 
(pyridine), the OH group is converted to a tosylate 


group. 


TsCl 


A 0H pyridine 


xN See 


(j) When treated with sodium, an alcohol is converted to 
its conjugate base, an alkoxide ion. 


Na 


e 
A ~-~™ou 7 » ADS? Na 


(k) When treated with tert-butoxide (a strong base), an 
alcohol is deprotonated to give an alkoxide ion. 


t-BuOK 


.0 © 


12.35. When treated with aqueous acid, the x bond is 
protonated, giving a secondary carbocation (rather than a 
primary carbocation). This secondary carbocation can 
then rearrange via a methyl shift to give a more stable, 
tertiary carbocation, which is then captured by a water 
molecule. The resulting oxonium ion is then 
deprotonated by a molecule of water to give the product: 


TAS OH 
Mz — o > 


12.36. 

(a) The desired aldehyde can be prepared in one step, 
using PCC, or DMP, or the Swern oxidation. One of 
these is shown below. 


(b) The desired carboxylic acid can be prepared in one 
step, using chromic acid as the oxidizing agent. 


OH (0) 


pee) oa yx dia 
ea Wa Te 
OH 


H2804, H20 
(c) The target molecule has two additional carbon atoms, 
so the retrosynthesis requires a C—C bond disconnection. 
The disconnection is made at the a position of the 
alcohol to give a suitable electrophile (C=O) and 
nucleophile (RMgBr): 
OH 


AE 


, | 
pu ^ 
àgH ^ BiMg œ 


Electrophile Nucleophile 
To complete the synthesis, we must bridge the gap 
between the given alcohol starting material and the 
required aldehyde: 

L ? 


OH 
252 2) EtMgBr 


\ 3) H30* 


This transformation can be accomplished with a suitable 
oxidizing agent. 
Now let’s draw the forward process. The starting 
alcohol is first converted into an aldehyde (with DMP, or 
with PCC, or via a Swern oxidation) followed by a 
Grignard reaction with ethyl magnesium bromide. 

OH 


OH 
ew ee p 
ENa A 
2) EtMgBr 
\ S H30* 


en 


OH 


1) EtMgBr / 


bue 2) H30* 


1) EtMgBr 
Pm 2) H40* 


(d) The target molecule has two additional alkyl groups, 
so the retrosynthesis requires two C—C bond 
disconnections. The first disconnection in the 
retrosynthesis of the target molecule is made at the a 
position of the alcohol to give a suitable electrophile 
(C=O) and nucleophile (RMgBr): 


OH 


o | 
pu. + (EH —MgBr 


Electrophile Nucleophile 


The retrosynthetic analysis continues by asking, “What 
reaction have we seen that produces a ketone?” A ketone 
can be prepared by oxidation of the corresponding 
alcohol, and the alcohol is suitable for making the second 
required C—C bond disconnection (again at the a 
position): 

O OH 


p = EP 
. d 
ws. Per 


Electrophile Nucleophile 


To complete the synthesis, we must bridge the gap 
between the given alcohol starting material and the 
required aldehyde: 


|? | eee 


2) H4O* 
[9] [9] 
Bok ee 
1) EtMgBr 
Na H;0* 
pa 


An 
H;S04, H20 
This transformation can be accomplished with a suitable 


oxidizing agent. 

Now let’s draw the forward process. The alcohol is first 
oxidized to give an aldehyde, which can then be treated 
with EtMgBr to give a Grignard reaction. The resulting 
alcohol is then oxidized to give a ketone that can 
undergo a second Grignard reaction. The first oxidation 
procedure can be performed with DMP (or PCC, or 
Swern oxidation) to give the aldehyde. The second 
oxidation procedure can also be achieved with a variety 
of oxidizing agents, including chromic acid. 
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1) DMP, CH;Cl 


OH = 2) EtMgBr OH 
p 3) H30* 
4) NaoCro07, 
H580, , HO 
| DMP, 5) MeMgBr | 1) MeMgBr 
CHC 6) H30* 2) HO* 


[9] [9] 
p Jo MT 
1) EtMgBr 
XQ H30° senos 
hse nds 


(e) The target molecule has three additional carbon 
atoms, so the synthesis requires a C—C bond-forming 
reaction. The retrosynthetic analysis of the target 
molecule asks, “What reaction have we seen that 
produces a ketone?" A ketone can be prepared by 
oxidation of the corresponding alcohol, and the alcohol 
is suitable for making the required C—C bond 
disconnection (at the a position): 


i9) OH 
p EN P 
24 
p. " MS ar 


Electrophile Nucleophile 


To complete the synthesis, we must bridge the gap 


between the given alcohol starting material and the 
required aldehyde: 


? 
Oo 
pU 
NasCro07, 
1) CH3CH;CH;MgBr H5SO4 , H5O 


2) H30* 


PE 

This transformation can be accomplished with a suitable 
oxidizing agent. 

Now let's draw the forward process. Oxidation with 
DMP (or PCC, or a Swern oxidation) gives an aldehyde, 
which can then be treated with a Grignard reagent to give 


a secondary alcohol. Oxidation of this alcohol gives the 
desired ketone, as shown. 
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1) DMP, CH2Cl. 


OH 2) CH3CH2CH,MgBr oO 
DD uo 
4) Na?Cr07, 
H2504 , H20 A 
DMP, ere 
CH;Cl2 
O 
p 


VASOS 

1) CHsCH2CH2MgBr oh H5S04 , H20 
Lae ee 

12.37. 


(a) The desired product has only one group connected to 
the a position. That group could have been installed via 
a Grignard reaction with formaldehyde, as shown. 


1) ( yo 


H Ay 2) H4O* 
(b) The desired product has three groups connected to 
the a position. Any one of these groups could have been 
installed via a Grignard reaction with the appropriate 
ketone, as shown. 
1) CH3MgBr 


[9] 
re 2)H;0* N 


i9) OH 


Q aem o 


[9] 1) ( Sous 
P 


2) HO* 


. 1) CHhCH;CHaMgBr 
2H ^ 


(c) The desired product has only two groups connected 
to the a position. Either one of these groups could have 
been installed via a Grignard reaction with the 
appropriate aldehyde, as shown. 


sol 


(0; 


ee 


1) CH3CH2MgBr 

2) H30* N OH 
1) CHCH;CH;MgBr 7 
2) HjO* 


12.38. 
(a) Reduction of the following aldehyde will afford the 


desired product. 
oO 


(b) Reduction of the following ketone will afford the 


desired product. 
(6) 


(c) Reduction of the following ketone will afford the 
desired product. 
e) 


12.39. 

(a) The target molecule has two additional carbon atoms, 
so the synthesis requires a C—C bond-forming reaction. 
The retrosynthetic analysis of the target molecule asks, 
“What reaction have we seen that produces a ketone 
product?" A ketone can be prepared via oxidation of the 
corresponding alcohol, and the alcohol is suitable for 
making the required C—C bond disconnection (at the a 
position): 


[9] OH 
dE ex 
a 
èH " BrMg..— 
à- 


Electrophile Nucleophile 
Now let's draw the forward process. The synthesis 
begins with a Grignard reaction with ethyl magnesium 
bromide, and the resulting alcohol can then be oxidized 
to give the desired target molecule: 


i9) i9) 
1) EtMgBr 
H 2) H30* 
ES eae ee A d 
3) Na2Ċr207, 
H2504, H20 


OH NasCro07, 
H5S04, 
H20 


(b) Reduction of the aldehyde can be achieved with 
either LIAIH4 or NaBHa. This transformation cannot be 
achieved via catalytic hydrogenation, as that process 
would also reduce the carbon-carbon x bond. 


1) LiAIH, 
2) H30* 


H [M e 
NaBH, 
MeOH 


(c) We begin by asking the following two questions: 
1) Zs there a change in the carbon skeleton? Yes, 
the carbon skeleton is increasing in size by one 
carbon atom. 
2) Is there a change in the functional groups? Yes, 
the starting material has a carbon-carbon double 
bond, while the product has an OH group. 
Now we must propose a strategy for achieving these 
changes. 
The target molecule has one additional carbon atom, so 
the retrosynthesis requires a C—C bond disconnection. 
The disconnection is made at the a position of the 
alcohol to give a suitable electrophile (C=O) and 
nucleophile (RMgBr): 


81 H 
MESE = yY « (CH, Mg&r 
Oo 55 


OH 
Nucleophile 


Electrophile 
To complete the synthesis, we need to convert the given 
alkene starting material into the required aldehyde. The 
aldehyde can be made by oxidation of the primary 
alcohol, or from the terminal alkyne via hydroboration- 


oxidation. 
P Moe 
BEN 


a 


One solution for the synthesis is to convert the alkene 
into an alkyne (via bromination followed by double 
elimination) and then to perform hydroboration- 
oxidation to obtain the aldehyde. Another method is to 
perform  hydroboration-oxidation with the starting 
alkene, followed by oxidation with PCC to give the 
aldehyde. Finally, treatment of the aldehyde with methyl 
magnesium bromide affords the desired target molecule. 
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1) MeMgBr 
2) H30* 


<= 
UJ 
Dod 
ZR 
UJ 
NT 
— as 
Fue 
oz 
yb m 
—— m 


(d) The starting material has two carbon atoms, while the 
product has seven carbon atoms, so we will need to 
create carbon-carbon bonds. The starting functional 
group is a triple bond, and the product is a ketone. There 
are certainly many acceptable answers to this problem. 
One such answer can be rationalized with the following 
retrosynthetic analysis. 


i. The product is a ketone, which can be made via 
oxidation of the corresponding secondary alcohol. 

ii. The secondary alcohol can be made by treating the 
appropriate aldehyde with ethyl magnesium 
bromide. 

iii. The aldehyde can be made from the corresponding 
terminal alkyne (via hydroboration-oxidation). 

iv. The terminal alkyne can be made from the starting 
material via alkylation (to install a propyl group). 


The reagents for this synthetic strategy are shown here. 
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1) NaNH> 
2) CH3CHsCHal 
3) RoBH fe) 
4) H505, NaOH € 
— —— ——— À— 
5) EtMgBr 
6) H30* 
7) Na5Cr205, Na2Cr207, 
H5SO4, H20 H5S04, H20 
Cm 
fe) 1) EtMgBr 
2) H30* 


(e) The starting material has five carbon atoms, while 
the product has six carbon atoms, so we will need to 
install a methyl group. There are certainly many 
acceptable answers to this problem. One such answer 
can be rationalized with the following retrosynthetic 
analysis. 


Ed». i oe i OH 
OH (0) 


i. The alcohol can be made by treating the appropriate 
aldehyde with methyl magnesium bromide. 

ii. The aldehyde can be made from the corresponding 
primary alcohol and a suitable oxidizing agent (such 
as PCC, Swern, or DMP). 

iii. The alcohol can be made from an alkene via hydro- 
boration-oxidation (anti-Markovnikov addition of H 
and OH) 

iv. The alkene can be made from the starting alcohol 
via an elimination process. Since OH is a bad 
leaving group, it must first be converted into a 
tosylate in order to perform an E2 reaction. A 
sterically hindered base is then used to favor the 
less-substituted alkene (Hofmann product). 


Reagents for this synthetic strategy are shown here: 


OH 1) TsCl, py 
2) -BuOK 
3) BH: THF STI 
4) H202, NaOH OH 
5) DMP, CH2Cl2 
1) TCI. 6) MeMgBr 1) MeMgBr 
pyridine n 2 
2)tBuok 7) 430 2) HO 
B ds pad 
ò 


DMP 


Do CHCl 


(£) The product has one more carbon atom than the 
starting material, so we will need to install a methyl 
group. The starting functional group is a triple bond, and 
the product is a ketone. There are certainly many 
acceptable answers to this problem. One such answer 
can be rationalized with the following retrosynthetic 
analysis. 


GTS 


A 


i. The product is a ketone, which can be made via 
oxidation of the corresponding secondary alcohol. 

ii. The secondary alcohol can be made by treating the 
appropriate aldehyde with methyl magnesium 
bromide. 

iii. The aldehyde can be made from the corresponding 
terminal alkyne (via hydroboration-oxidation). 


1) BH3° THF 
2) H202, NaOH 


The reagents for this synthetic strategy are shown here. 


YQ 1) RBH 
2) H205, NaOH 
3) MeMgBr (0) 
4) H30* 
5) NasCro07, 
H2804, H20 
1) RoBH Na?Cr207, 
2) H505, NaOH H5SO4, HÒ 


1) MeMgBr 
2) H4O* 


12.40. Hydride functions as a base and removes a proton 
from the alcohol, giving an alkoxide ion. This 


intermediate has both a nucleophilic region (the 
negatively charged oxygen atom) and an electrophilic 
region (the position that is a to the bromine atom). As 
such, an intramolecular, SN2-type process can occur, 


giving a cyclic product. 
NaH © 


T M $ BÈ 


Pau 
Br. ) o: 


Be Se oos 


12.41. The major product is 1-methylcyclohexanol 
(resulting from Markovnikov addition of H and OH), 
which is a tertiary alcohol. 


OH 


dilute H9SO4 
———— 


Major 


Tertiary alcohols do not generally undergo oxidation. In 
contrast, the minor product (2-methylcyclohexanol) is a 
secondary alcohol and can undergo oxidation to yield a 
ketone. 


12.42. The conversion of compound B to compound C is 
achieved via a Grignard reaction that employs acetone as 
the electrophile. Therefore, the Grignard reagent 
(compound B) must be cyclohexyl magnesium bromide, 
as shown. Compound A is the alkyl bromide from which 
the Grignard reagent is prepared (bromocyclohexane). 


Br MgBr 
Cl = 
— o 


Compound A Compound B 
O 
n A 
2) H307 
OH 
conc. 
a HSO, 
pe 
heat 
Compound C 


12.43. The starting material has three carbon atoms, and 
the product has six carbon atom, so we must form a 
carbon-carbon bond. This can be achieved with a 
Grignard reaction. 
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OH O 
=>> +  BrMg 


Electrophile Nucleophile 


The reagents for this Grignard reaction (acetone and 
CH3CH2CH2MgBr) can both be prepared from the 
starting alcohol, as shown here. 


conc. 
H2504 


heat ~ 1) HBr, ROOR 
2) Mg 


12.44. 

(a) Two curved arrows are used to show hydride 
delivery to the electrophilic carbon atom of the ketone 
carbonyl (C=0). Note that the tail of the first curved 
arrow is placed on the bond between Al and H (it is NOT 
placed on the negative charge). The resulting alkoxide 
ion is then protonated upon treatment with aqueous acid. 
This protonation step (workup) requires two curved 
arrows, as shown. 


fe) OH 
re; 1) LiAIH, MN 
NS ISP ERN 
2) H30* 
) H3 H 
| 
H—AI—H COUR 
© 
| Mo 
; E - 
H 


(b) Two curved arrows are used to show hydride 
delivery to the electrophilic carbon atom of the ketone 
carbonyl (C=0). Note that the tail of the first curved 
arrow is placed on the bond between B and H (it is NOT 
placed on the negative charge). The resulting alkoxide 
ion is then protonated by the protic solvent (methanol), 
which requires two curved arrows, as shown. 


eo OH 
NaBH;, 
MeOH 
i 
H—B—u 9f ON ^ 
jo" 6H “HA Me 
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12.45. 

(a) As seen in Mechanism 12.6, the OH group is 
transformed into a better leaving group (through a series 
of steps shown below), and then chloride attacks as a 
nucleophile and expels the leaving group (Sn2 process). 


:OH 
TI UN SOCL 
pyridine 
fer 
ci— 8. 
\ 
SO 
NS 
o fo 
MR 
@o A 
HA LS. 
-cP © 


(b) As seen in Mechanism 12.7, the OH group is 
transformed into a better leaving group, and then 
bromide attacks as a nucleophile and expels the leaving 
group (Sn2 process). 


fo he Pers 
— 


(c) Two curved arrows are used to show hydride 
delivery to the electrophilic carbon atom of the ester 
carbonyl (C=O). Note that the tail of the first curved 
arrow is placed on the bond between Al and H (it is NOT 
placed on the negative charge). The resulting 
intermediate then ejects methoxide as a leaving group, 
which requires two curved arrows. The resulting 
aldehyde is then further reduced by another equivalent of 
LiAlH4. Once again, two curved arrows are used to 
show hydride delivery to the aldehyde carbonyl The 
resulting alkoxide ion is then protonated upon treatment 
with aqueous acid. This protonation step (workup) 
requires two curved arrows. 


" 2) H4O* 
uM | 


| H-A H d 
H^A7H 
no " * Un 
«n :0: 
oT H 
H 


12.46. 
(a) The starting material is a secondary alcohol, and the 
product is a ketone. This transformation can be achieved 
in one step, using a variety of oxidizing agents, including 
chromic acid, PCC, DMP or via a Swern oxidation. 

OH 


"n "A 


(b) The starting material is a primary alcohol and the 
product is an aldehyde. This transformation can be 
achieved in one step, using PCC, or DMP, or a Swern 


oxidation. 
E un y 


(c) The starting material is a primary alcohol, and the 
product is an aldehyde. This transformation can be 
achieved in one step, using PCC, or DMP, or a Swern 
oxidation. 


Cr" a C^ 


(d) The starting material is a primary alcohol and the 
product is a carboxylic acid. This transformation can be 
achieved in one step, using chromic acid as the oxidizing 


agent. 


Na;Cr20; 
H2504, HO 


OH 


OH 
Be ee 

"H;80,,H,0 H20 

(e) The starting material is an aldehyde, and the product 


is an alcohol. This transformation can be achieved in 
one step, using LiAlH4 or NaBH; as a reducing agent. 


OH 
1) LiAIH4 


H 2) H30* 


(f) The starting material is a ketone and the product is an 
alcohol. This transformation can be achieved in one 
step, using LIAIH4 or NaBH;3 as a reducing agent. 


12.47. 


(a) Ozonolysis of the alkene gives a dialdehyde, which is 
then reduced when treated with excess LiAIHa, followed 
by aqueous acidic workup, to give a diol. 


1) LiAIH4 
2) H30* 


1) O3 
2) DMS 
ee MS 
3) xs LIAIH, 
4) HO* 


) xs LiAIH, 
1) 04 " H4O* 


2) DMS 
(b) Ozonolysis of the alkene gives a dialdehyde, which is 
then reduced when treated with excess LiAIH4, followed 
by aqueous acidic workup, to give a diol. 


HO. ILIA 
OH 


1) O3 

2) DMS 
IN 3) xs LiAIH4 

4) H,0* 


1i xs LiAIH, 
2 Os 2) HO* 
)DMS 


(c) Treating the aldehyde with ethyl magnesium bromide 
(followed by aqueous acidic workup) gives a secondary 
alcohol, which is then oxidized to give a ketone upon 
treatment with chromic acid. Finally, the ketone is 
converted to a tertiary alcohol when treated with ethyl 


HO. ^-^ 
OH 
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magnesium bromide (followed by aqueous acidic 
workup). 

1) EtMgBr 
ie 2) H30* OH 
———— 
H Beg 3) Na;Cr205, 
H2504, H20 
1) EtMgBr 4) EtMgBr 
2)H0* 5) H,0* Je ) EtMgBr 
2) H30* 
OH oO 
—— I | 
————— 
H5SO4, H50 


(d) The aldehyde is reduced upon treatment with LiAlHa, 
followed by aqueous acidic workup, to give an alcohol. 
Treating the alcohol with tosyl chloride and pyridine 
converts the alcohol into a tosylate. 


1) LiAIH4 
2) _2)H30* 

T3) TeC, . 

pyridine 
AS 
jee 

1) LiAIH4 
2) H3O* 


(e) Acid-catalyzed hydration of the alkene gives a 
secondary alcohol, which is then oxidized to a ketone 
upon treatment with chromic acid. Finally, the ketone is 
converted to a tertiary alcohol when treated with a 
Grignard reagent (followed by aqueous acidic workup). 


1) H0* 
2) NagCro07, H5SO4, H5O 
> 
3) PhMgBr 
4) H30* OH 
ee Ph 
1) PhMgBr 
2) H50* 
Na5Cr;O;,, 
H2504, H20 
OH 
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12.48. 

(a) In the first step of the mechanism shown below, the Grignard reagent (methyl magnesium bromide) functions as a 
nucleophile and attacks the electrophilic carbon atom of the ketone carbonyl (C=O). This step requires two curved 
arrows. The resulting alkoxide ion is then protonated upon treatment with aqueous acid. This proton transfer step 
(workup) also requires two curved arrows, as shown. 


H 
AO H 
O 91 H«C ^N HC OH 
Mes C59 l 3 
Gee T i OS 
H M 


= 


(b) In the first step of the mechanism shown below, the Grignard reagent (methyl magnesium bromide) functions as a 
nucleophile and attacks the electrophilic carbon atom of the ester carbonyl (C=O). This step requires two curved 
arrows. The resulting intermediate then ejects a leaving group to give a ketone, which requires two curved arrows. 
The ketone is then further attacked by another equivalent of the Grignard reagent. Once again, two curved arrows are 
used to show the nucleophilic attack, resulting in a dianion. 


H 
fo) 9! ed CH E 
& g^ O-R O 3 Ji- H 3 
o O CH 
H l 3 
o 


The resulting dianion is then protonated upon treatment with aqueous acid (workup). There are two locations that are 
protonated, each of which requires two curved arrows, as shown. Notice that each anion is protonated in a separate 
step (this should not be drawn as one step with four curved arrows, because there are two distinct processes occurring, 
and it is unlikely that they occur precisely at the same moment). The less-stable negative charge (the tertiary alkoxide) 
is the stronger base and is therefore protonated first. 


eu H 

:O CH3 lo HO CH3 lo HO CH3 
HH HQ^H 
CH3 M ~ M CHa 
4o 
o9 O: OH 
12.49. We begin by identifying the carbon atoms 3 reduced 4 
-l 


(highlighted below) that undergo a change in bonding as 
a result of the reaction: 


l "P 
H OH s ( “Ba 
»« H30* l/ 
a= 
“Pe oxidized 
O, —————— +1 


For each of these (highlighted) carbon atoms, we 
calculate its oxidation state in both the starting alkene 
and the alcohol product: 


Notice that one carbon atom is reduced from an 
oxidation state of 0 to an oxidation state of -1, while the 
other carbon atom is oxidized from an oxidation state of 
0 to an oxidation state of +1. Overall, the starting 


material does not undergo a net change in oxidation state 
and is, therefore, neither reduced nor oxidized. 


12.50. We begin by identifying the carbon atoms 
(highlighted below) that undergo a change in bonding as 
a result of the reaction: 


>” H4S04  H50 
IF — Hg80, > 


pw 

For each of these (highlighted) carbon atoms, we 
calculate its oxidation state in both the starting alkyne 
and the ketone product: 


oxidized 


Ps D. 


reduced 
0) ———> (-2 


Notice that one carbon atom is oxidized from an 
oxidation state of 0 to an oxidation state of +2, while the 
other carbon atom is reduced from an oxidation state of 0 
to an oxidation state of -2. Overall, the starting material 
does not undergo a net change in oxidation state and is, 
therefore, neither reduced nor oxidized. 


12.51. Two curved arrows are used to show delivery of 
hydride to the electrophilic carbon atom of the ester 
carbonyl (C=O). Note that the tail of the first curved 
arrow is placed on the bond between Al and H (it is NOT 
placed on the negative charge). The resulting 
intermediate then ejects an alkoxide leaving group, 
which requires two curved arrows and opens the ring. 
The resulting aldehyde is then further reduced by another 
equivalent of LIAIHa4. Once again, two curved arrows 
are used to show hydride delivery, resulting in a dianion. 
e To. UH 


O exces LiAIHA4 H 
> 
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The dianion is then protonated upon treatment with 
aqueous acid (workup). There are two locations that are 
protonated, each of which requires two curved arrows, as 
shown. Notice that each protonation step is drawn 
separately. The less stable negative charge (the tertiary 
alkoxide) is the stronger base and is therefore protonated 
first. 


12.52. In the first step of the mechanism, the Grignard 
reagent (methyl magnesium bromide) functions as a 
nucleophile and attacks the electrophilic carbon atom of 
the ester carbonyl (C=O). This step requires two curved 
arrows. The resulting intermediate then ejects an 
alkoxide leaving group to give a ketone, which requires 
two curved arrows and opens the ring. The ketone is 
then further attacked by another equivalent of the 
Grignard reagent. Once again, two curved arrows are 
used to show the nucleophilic attack, resulting in a 
dianion. 


excess em 
oO — re 
CH3 
oO 
j jc 
i-re ie 
H 


The resulting dianion is then protonated upon treatment 
with aqueous acid (workup). There are two locations 
that are protonated, each of which requires two curved 
arrows, as shown. 
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Notice that each protonation step is drawn separately. 
The less stable negative charge (the alkoxide) is the 
stronger base and is protonated first (rather than 
phenolate, which is a more stable (weaker) base because 
it is resonance-stabilized). In fact, the phenolate anion is 
more stable than a hydroxide ion, which explains why 
the proton source must be H30* rather than water. Water 
is not sufficiently acidic to protonate a phenolate ion (see 
Section 12.2, Acidity of Alcohols and Phenols). 


12.53. The correct answer is (c). The starting material 
has two OH groups, one of which is primary, and the 
other is secondary. The secondary alcohol must be 
oxidized to a ketone, which can be achieved with a 
variety of reagents, but the primary alcohol must be 
oxidized to an aldehyde (and not a carboxylic acid). 
Only PCC will achieve the desired transformation. 


12.54. The correct answer is (d). Options (a), (b), and 
(c) will achieve the desired synthesis of 2-methyl-2- 


pentanol via a Grignard reaction. 
Ewa 


1) CH3MgBr 
—————— 
2) H30* 


Pes 


[9] 1) CHsCH2CHaMgBr xu 
2) H30" 
pai 1) xs CH3MgBr FN i 
OCH, 2) H30° 


Option (d) will NOT achieve the desired transformation. 
The strongly basic Grignard reagent will simply 
deprotonate the carboxylic acid, to give a carboxylate 
ion, thereby destroying the Grignard reagent. 


o o 
+ CHs3sMgBr ——> Dae © 
ptg OC MgBr 


* CH, 


12.55. The correct answer is (b). Sodium borohydride 
is a reducing agent that will reduce ketones and 
aldehydes, but not esters. In this case, the ketone group 
will be reduced to a secondary alcohol, but the ester 
group will not undergo reduction. 


(0) (0) OH O 


P NP = d pu 
OCH; OCH; 


CH30H 
12.56. The correct answer is (d). A logical retrosynthesis 
of the alcohol target molecule involves a disconnection 
at one of the C—C bonds adjacent to the C-OH bond. 
The Grignard reagent PhMgBr is a nucleophile that 
would afford the desired alcohol when combined with 
the aldehyde electrophile shown: 


was a nucleophile 


2 


l 


8- MgBr 


9) 
Electrophile 


Msc was an electrophile 


Nucleophile 


12.57. The correct answer is (c). The sequence begins 
with a substitution reaction to produce an alkyl bromide, 
followed by the formation of a Grignard reagent. 
Reaction of the Grignard reagent with methanol results 
in a proton transfer reaction (the strongly basic Grignard 
reagents removes the acidic proton from methanol), to 
give an alkane product: 


OH 
1) PBra 
2) Mg 
3) CH4OH A 
1) PBrs 
2) Mg HLòme 
MgBr MgBr 
= Cie 


12.58. The correct answer is (b). The starting material 
is a nucleophilic Grignard substrate, and the product is 
an alcohol, so the missing reagent must have an 
electrophilic carbonyl group. By locating the branched, 
four-carbon chain of the Grignard reagent within the 
product, is becomes clear that the carbon chain has been 
extended by one carbon atom. Therefore, the required 
reagent is the aldehyde shown (formaldehyde): 


was an electrophile 


S 


HO S 
was à nucleophile 
dh : 
w 
T. m ew LL 
Electrophile Nucleophile 


12.59. The correct answer is (a). The sequence begins 
with an ozonolysis reaction, producing a dialdehyde. 
Subsequent reduction of the dialdehyde with lithium 


aluminum hydride affords the corresponding diol, after 
workup. The starting alkene has five carbon atoms, so 
the product will have five carbon atoms as well. 


9 


1) 05 
2) DMS 


1) 04 HO OH 
2) DMS 

3) LiAIH4 

4) H30* 


O Oo 
L 


12.60. The correct answer is (d). The highlighted atoms 
represent the tosylate leaving group (OTs). The given 
reaction is an Sn2 process, with the cyanide nucleophile 
displacing the tosylate leaving group: 


NEC, o 
II Cm 
pex $ *. 


O 
OTs leaving group 


1) LiAIH4 
2) H30* 


NaCN 
un 


CN 


PV 


12.61. The correct answer is (a). This transformation 
represents an elimination reaction to give the less- 
substituted, Hofmann product, so dehydration of the 
alcohol is not a suitable approach (that would afford the 
more-substituted, Zaitsev product). Instead, a good 
leaving group is required (e.g., Cl, Br, I, OTs) to 
facilitate an E2 elimination reaction. Therefore, the 
synthesis requires a two-step procedure: conversion of 
the OH group into a good leaving group, followed by 
treatment with a strong, sterically hindered base, such as 
potassium fert-butoxide, to generate the Hofmann 
product. Reaction of the alcohol with tosyl chloride and 
pyridine produces the tosylate leaving group: 


1) TsCl, py BN 
—————- 
2) -BuOK 
OTs 
TsCI 


OH 


t-BuOK 


12.62. Treating the aldehyde with methyl magnesium 
bromide (followed by aqueous acidic workup) gives the 
secondary alcohol, which can then be oxidized with a 
variety of oxidizing agents (e.g., chromic acid, PCC, 
DMP or via Swern oxidation) to give a ketone. 
Treatment of the ketone with phenyl magnesium 
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bromide gives a tertiary alcohol, after aqueous workup. 
Converting this alcohol to the less-substituted alkene 
(Hofmann product) requires that we first convert the OH 
group to a tosylate group, and then perform an E2 
reaction with a sterically hindered base, such as tert- 
butoxide. Conversion of this alkene into a primary 
alcohol requires an anti-Markovnikov addition of H and 
OH across the alkene, which can be achieved via 
hydroboration-oxidation. Treatment with PBr3 (or HBr) 
then converts the primary alcohol to a primary bromide. 
This alkyl bromide is then converted to a Grignard 
reagent (upon treatment with Mg) and then treated with 
formaldehyde to extend the carbon chain by one carbon 
atom (after aqueous workup). The resulting alcohol can 
then be oxidized to an aldehyde with PCC (or DMP, or 
Swern oxidation). 
(0) 


o sn 


en 


lo H30* CH;Cl; 
OH 
| ( "OH 
Na2Cr207 on» 
[sbs H,O | i 
(e 2) H2C-O 
3) HO* 


OH 
"ab n 
1) TsCl, oan 
pyridine 


2) -BuOK 
1) BHa: THF 
2) H202, NaOH 


12.63. 2-Nitrophenol is expected to be more acidic 
(lower pKa) because its conjugate base has a resonance 
structure in which the negative charge is spread onto an 
oxygen atom of the nitro group: 
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20 © 
HOP [9] 
UE ie 
e^o ^o? 
<=> 


Note that there are additional resonance structures (not 
shown), but the one drawn above is the key resonance 
structure that demonstrates the difference in stability 
between the isomers. 

The more stable (weaker) conjugate base corresponds to 
the stronger acid. In contrast, the conjugate base of 3- 
nitrophenol does not have such a resonance structure, 
and the less stable (stronger) conjugate base corresponds 
to the weaker acid. 


12.64. Most of the reagents for these transformations 
can be found in Figure 12.11. Note that some of these 
transformations have more than one suitable reagent 
from which to choose. 


O 
1) RBH 
m -— — 
H  2H;05 
NaOH SS 
Pec 1) LIAIH4 1) Br 
CH;Cl 2) H30* 2) xs NaNH> 
3) HO 
Ho, 
ase! Lindlar's 
bu 2) LBUOK 
NaOH 
bd 
12.65. 


(a) The product has one less carbon atom then the 
starting material, so we must break a carbon-carbon 
bond. Therefore, the last step of our synthesis must be 
ozonolysis of an alkene to give the desired ketone. 


Oo 
CY CY 
The retrosynthetic analysis continues by asking, “What 
reaction have we seen that produces an alkene product?" 
The simplest path involves an alcohol intermediate, 


because the alcohol can be easily prepared from the 
given aldehyde starting material: 


OH 
— =>> 
Now let’s draw the forward process. The desired 
transformation can be achieved by reducing the starting 
material (with LiAIH4 or NaBH4), followed by aqueous 
acidic workup, and then converting the OH group to a 
tosylate, and then treating the tosylate with a non- 
nucleophilic base (to favor E2 elimination over Sn2 


substitution). Finally, ozonolysis of the alkene produces 
the desired ketone product. 


oO 1) LiAIH4 
2) H3O* 
H 3) TsCl, pyridine 
4) DBN 
5) Os 
6) DMS 
2) HO* | 


oan 
TsCl OTs DBN 
pyridine 


(b) The target molecule has one additional carbon atom, 
so the synthesis requires a C—C bond-forming reaction. 
The retrosynthetic analysis of the target molecule asks, 
“What reaction have we seen that produces an alkene 
product?” The simplest path involves an alcohol 
intermediate, because the alcohol is suitable for making 
the required C—C bond disconnection (at the a position): 


|a LIAIH4 


OH 


CH3—MgBr 
ò- 


Electrophile Nucleophile 

Now let’s draw the forward process. The synthesis 
begins with a Grignard reaction with methyl magnesium 
bromide, followed by aqueous acidic workup. The 
resulting alcohol can then be converted to the desired 
alkene via a two-step process. First, the alcohol is 
converted to a tosylate (because OH is a bad leaving 
group), and then the tosylate is treated with a sterically 


hindered base to give the less substituted alkene (the 
Hofmann product). 


Oo 
1) MeMgBr 
H 2) .2H0 o 
3) 3) TsCl, pyridine pyridine 
4) t-BuOK 
1) MeMgBr 
2) in Jao 


OTs 
. TC. 
pyridine « ine 


(c) The starting material and the product have the same 
carbon skeleton. The identity of the functional group 
must be changed. The retrosynthetic analysis of the 
target molecule asks, “What reaction have we seen that 
produces an aldehyde product?" The simplest path 
involves an alcohol intermediate, because the alcohol can 
be easily prepared from the given alkyl chloride starting 
material: 


i9) 
Jess = EFL d 
Y 


A0 


Now let's draw the forward process. The alkyl chloride 
can first be converted to a primary alcohol upon 
treatment with hydroxide (via an SN2 process), and then 
the alcohol can be oxidized with PCC (or DMP or Swern 
oxidation) to give the desired target molecule. 


[el 
1) NaOH 


4070 "3 PC6, CHC PS 
| NaOH Pcc / 
ANAN 


OH CH;CL 


(d) The target molecule has one additional carbon atom, 
so the synthesis requires a C—C bond-forming reaction. 
The retrosynthetic analysis of the target molecule asks, 
“What reaction have we seen that produces a ketone 
product?" The ketone can be prepared by oxidation of 
the corresponding alcohol, and the alcohol is suitable for 
making the required C—C bond disconnection (at the a 
position): 
[9] OH 


Pe, = Le 
| 


i9) 
pu H + CH —MgBr 
Electrophile Nucleophile 


pA me SS SL 
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The required aldehyde can be prepared from the given 
alkyl chloride as seen in the previous problem: 


\ 


Now let’s draw the forward process. The alkyl chloride 
can first be converted to a primary alcohol via an Sn2 
process, and then the alcohol can be oxidized with PCC 
(or DMP or Swern oxidation) to give the desired 
aldehyde. The aldehyde can undergo a Grignard reaction 
with methyl magnesium bromide, and oxidation of the 
resulting secondary alcohol produces the ketone target 
molecule. The reagents for this synthetic strategy are 


shown here. 
1) NaOH 
uaran a act EUER E 
CI 3)MeMgBr — — MeMgBr 
4) H30° 
NaOH 5) NazCr207, NasCro07, 
H2504, H20 H2804, H20 
db peu 
PCC, 
DEO 


1) MeMgBr 


pw 2) H30* 


(e) The starting material and the product have the same 
carbon skeleton. The identity of the functional group 
must be changed. The retrosynthetic analysis of the 
target molecule asks, “What reaction have we seen that 
produces a ketone product?" A reasonable choice is an 
alcohol intermediate, because the alcohol can be easily 
prepared from the given alkene starting material: 


(0) OH 
CT =O 20 
Now let’s draw the forward process. The alkene is first 


converted to an alcohol via acid-catalyzed hydration, and 
then the alcohol can be oxidized with chromic acid to 
2) NasCro07, 


give the desired product. 

Q CT 
H5SO4, H50 

H 

Na;CraoOz 


dilute 
H5SO4, H2O 


H;S04 or 


1) dilute H2504 
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(f) In the previous problem, we saw that the starting 
material can be converted into a ketone in just two steps. 


Q G 


This ketone can be converted into the desired product 


with a Grignard reaction. 
Q 3} MeMgBr | MeMgBr p 
4) H40* 


dilute 
do f MeMgBr 


2) H30* 
O ee. CY 


(g) In the previous problem, we saw that the starting 
material can be converted into a tertiary alcohol. 


Q a 


This alcohol can be converted into the desired product in 
just one step (upon treatment with concentrated sulfuric 


acid). 


__ 1) dilute HpSO4 —— 
2) 2 N&CnO, 
H5SO4, HÒ 


1) dilute H2504 
_2) Nagr207, H2504, H2O Na;Cr2O;, H5SO4, HO 


Na;Cr;Os, 
H5SO4, H20 


1) dilute HoSO4 

_2) Nagr207, H2504, H20 Na;Cr;Os, H5SO4, H;O 
^3)MeMgBr ` MeMgBr 

4) H30* 


2 dilute H2504 
2) Na2Cr207, H9S04, HO. H2504, HÒ 


SL 


“3)MeMgBr = ` MeMgBr 
4) H4O* 

dilute 9) conc. H2SO4, heat conc. 

H2504 H5S04, 

heat 
OH 
CT Ge 
NasCro07, 
H2504, 


© 
H20 1} MeMgBr 
Di 2) H30* 
(h) The target molecule has one additional carbon atom, 
so the retrosynthesis requires a C—C bond disconnection. 
The disconnection is made at the œ position of the 


alcohol to give a suitable electrophile (C=O) and 
nucleophile (RMgBr): 


eo 


Electrophile 


—MgBr 


Nucleophile 


In order to perform the desired Grignard reaction, we 
must first convert the starting alkyne into a ketone 
(acetone), which can be accomplished via acid-catalyzed 
hydration in the presence of mercuric sulfate. Reaction 
with methyl magnesium bromide, followed by aqueous 
acidic workup, produces the desired tertiary alcohol. 


OH 


(6) 1) MeMgBr 
M / 2)H30* 


(i) The target molecule has one additional carbon atom, 
so the retrosynthesis requires a C—C bond disconnection. 
The disconnection is made at the a position of the 
alcohol to give a suitable electrophile (C=O) and 
nucleophile (RMgBr): 


> b+ 
7e CN + | CH3—MgBr 
HO re) 8- 


Electrophile 


a 1) HgSOuz, H5SO4, H20 
—————————- 
Pd 2) MeMgBr 
3) H30* 


HgSO4, 


H2504, 
H20 


Nucleophile 


The retrosynthetic analysis continues by asking, “What 
reaction have we seen that produces a ketone product?” 
The simplest path involves an alcohol intermediate, 
because the alcohol can be easily prepared from the 
given alkene starting material: 


cu Ga ee 
[9] OH 


Now let's draw the forward process. We must first 
convert the starting alkene into a ketone, which can be 
accomplished via a two-step process (acid-catalyzed 
hydration, followed by oxidation). The resulting ketone 
can undergo a Grignard reaction with methyl magnesium 
bromide, followed by aqueous acidic workup, to give the 
desired target molecule. 


1) dilute H92SO4 


2) Na2Cr207, H2804, H20 
Su 
ANZ 3) MeMgBr ^ e 
| 4) H40* HO 
n 1) MeMgBr 
254 2) H30* 
Na2Cr207, 
E ce di 
H2SO4, H20 
OI. cce SEE O 


(j) The desired transformation can be achieved in one 
step, using a Grignard reaction (followed by aqueous 


workup). 
Oo OH 
~A H -— 


(k) The starting material and the product have the same 
carbon skeleton. The identity of the functional group 
must be changed. The retrosynthetic analysis of the 
target molecule asks, “What reaction have we seen that 
produces an alkene product?" The simplest path involves 
an alcohol intermediate, because the alcohol can be 
easily prepared from the given ketone starting material: 


= 


Now let’s draw the forward process. The ketone is first 
converted to an alcohol via reduction (using either 
LiAIH4 or NaBHa), and then the alcohol can be treated 
with concentrated sulfuric acid to give the desired alkene 
(the more-substituted, Zaitsev product). 


1) EtMgBr 
a 
2) H30* 


OH 


=> 


o 1) LAIH; 
2) H30* 
S 
3) conc. H;S0., heat - 2d 
conc. 
OH 
1) LiAIH, HSO; / 
2) H0* heat 


(I) The starting material and the product have the same 
carbon skeleton. The identity of the functional group 
must be changed. The retrosynthetic analysis of the 
target molecule asks, *What reaction have we seen that 
produces an alkene product?" The simplest path involves 
an alcohol intermediate, because the alcohol can be 
easily prepared from the given ketone starting material: 


^Y = 


Now let's draw the forward process. The ketone is first 
converted to an alcohol via reduction (using either 
LiAIH4 or NaBH4) and then we must perform an 
elimination process. Since the less substituted alkene is 
desired (the Hofmann product), we must use a sterically 
hindered base. Since OH is a bad leaving group, it must 
first be converted to a good leaving group. This can be 
accomplished by treating the alcohol with tosyl chloride 
and the resulting tosylate can then be treated with tert- 
butoxide to give the desired target molecule. 


OH i9] 


=> 
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1) LIAIH4 
2) H30* 


=a ewy 


3) TsCl, py 
4) t- BuOK 


LiAIH4 
2 jon 
OTs 


TsCl, 


— 


pyridine 


G 
t-BuOK 


(m) The starting material and the product have the same 
carbon skeleton. The identity and location of the 
functional group must be changed. The answer to the 
previous problem allows us to convert the starting 
material into an alkene, which can be then converted into 
the alcohol product via hydroboration-oxidation (anti- 
Markovnikov addition of H and OH). 


[e] 1) LiAIH4 
2) H30* 
3) TsCl, py d d 
4) -BuOK 
5) BH3 * THF 
1) LIAIH, | 6) H205, NaOH 
2) H30* 1) BH3° THF 
2) H2Oo, NaOH 
OH 


dd 


(n) The target molecule has one additional carbon atom, 
so the synthesis requires a C—C bond-forming reaction. 
The retrosynthetic analysis of the target molecule asks, 
“What reaction have we seen that produces an alkene 
product?" The simplest path involves an alcohol 
intermediate, because the alcohol is suitable for making 
the required C—C bond disconnection (at the a position): 


A. D 
l 


OTs 
TsCl, 


pyridine 


O 
St A EHs—MgBr 
Electrophile Nucleophile 


Now let’s draw the forward process. The synthesis 
begins with a Grignard reaction with methyl magnesium 
bromide. The resulting alcohol can then be converted to 
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the desired target molecule upon treatment with 
concentrated sulfuric acid (an E1 process that affords the 
more-substituted, Zaitsev product). 


re) 1) MeMgBr 
2) HO* 
3) conc. H5SO4, heat 


conc. 
1) MeMgBr H2504, 


2) H30* heat 


NNS 


(0) The desired transformation can be achieved in one 
step, using a Grignard reaction (followed by aqueous 
workup). 


ò OH 


"E 1) EtMgBr awed 


2) H30* 
(p) The starting material and the product have the same 
carbon skeleton. The identity of the functional group 
must be changed. The retrosynthetic analysis of the 
target molecule asks, “What reaction have we seen that 
produces an alkyl bromide product?” The simplest path 
involves an alcohol intermediate, because the alcohol can 
be easily prepared from the given aldehyde starting 


material: 
O 


Now let’s draw the forward process. The desired 
transformation can be achieved by reducing the aldehyde 
(with either LiAIH4 or NaBHs) followed by treatment 
with PBrs to give the desired alkyl bromide. 


NASB 


r 


o 
1) LiAIH, 
n H 2) H;O* Bum Br 
3) PBrs 
1) LiAIH, 
; 
2) H30 PBrs 
OH 


(q) The target molecule has one additional carbon atom, 
so the retrosynthesis requires a C—C bond disconnection. 
The disconnection is made at the a position of the 
alcohol to give a suitable electrophile (C=O) and 
nucleophile (RMgBr): 


OH Ò 
~A 
èH t CHa —MgBr 


Electrophile Nucleophile 


The retrosynthetic analysis continues by asking, “What 
reaction have we seen that produces an aldehyde 
product?” The simplest path involves an alcohol 
intermediate, because the alcohol can be easily prepared 
from the given alkene starting material: 


Oo 
pm R de o 
V 
POG 


Now let’s draw the forward process. We must first 
convert the starting alkene into an aldehyde, which can 
be accomplished via a two-step process: hydroboration- 
oxidation, followed by oxidation with PCC (or DMP or 
Swern oxidation). The resulting aldehyde can undergo a 
Grignard reaction with methyl magnesium bromide to 
give the desired target molecule, after aqueous workup. 


1) BH4: THF OH 
2) H505, NaOH D ec 
ZA 
CONGO 3) PCC, CH;Cl; 
4) MeMgBr 
+ 
5) HO 1) MeMgBr 
1) BH3-THF 2) H30* 
2) H203, NaOH 
9) 
PS. nH 
Se T aa H 
CH;Cl; 
12.66. The alcohol can be converted to an alkene via 


either of the two processes shown below. Notice that the 
second method involves converting the alcohol into a 
tosylate, followed by treatment with a strong base. If 
this method is used, it is important that the base is not 
sterically hindered, in order to favor the more-substituted 
alkene (Zaitsev product) ^ Appropriate bases include 
hydroxide, methoxide and ethoxide (ethoxide is shown 
below). 


conc. 
H2504, 


OH y heat N 
1) TsCl, 
N pyridine — / 


2) NaOEt 


12.67. The desired transformation can be achieved by 
converting the alcohol to an alkene (via either of the two 
methods discussed in the previous problem), followed by 
anti-Markovnikov addition of H and OH to give the 
product (via hydroboration-oxidation). 


1) BH3-THF 
2) H205, NaOH 


pu" 
1) TsCl, 
pyridine 


2) NaOEt 


There are certainly other acceptable answers. For 
example, conversion of the alkene to the desired alcohol 
can be achieved via anti-Markovnikov addition of HBr 
(in the presence of peroxides) followed by an Sn2 
process in which hydroxide functions a nucleophile and 
replaces bromide. 


12.68. 

(a) The desired product can be made in just one step, via 
a Grignard reaction in which acetaldehyde (two carbon 
atoms) is treated with methyl magnesium bromide (one 
carbon atom), followed by aqueous acidic workup. 


i9) OH 


pO 1) MeMgBr pu 


2) H30* 
Acetaldehyde 


(b) The desired transformation can be achieved via a 
Grignard reaction in which acetaldehyde (two carbon 
atoms) is treated with ethyl magnesium bromide (two 
carbon atoms), followed by aqueous acidic workup: 


A, 


Acetaldehyde 


OH 


ques 


1) EtMgBr 
2) H30* 


Certainly, there are other acceptable answers, two of 
which are shown below. In both of these pathways, the 
starting materials are ethyl bromide (two carbon atoms) 
and sodium acetylide (two carbon atoms): 


Npr = dd 
OH 
© d A 
HC=C: Na dilute 
H5SO4 
Hz 2 
eene M NAA 
Lindlar's 
Su catalyst 
H5SO4, H20 1) LiAIH4 
HgSO, igor 
[0] 
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(c) There are certainly many acceptable answers to this 
problem. One such answer can be rationalized with the 
following retrosynthetic analysis. 


O 
i 
Augu L5 pr 
UE 
iii 
Pd + m dis 


i. The product is an alcohol, which can be made from 
the corresponding aldehyde via reduction. 

ii. The aldehyde can be made from a terminal alkyne 
via hydroboration-oxidation. 

iii. The terminal alkyne can be made via an alkylation 
process. 


Reagents for this synthetic strategy are shown here. 


1) HC=CNa 
2) RBH 
3) H205, NaOH 
^p ) E 2, Na Dares 
7 4) LiAIH, 
5) HO* 
1) LiAIHA 
HC=CNa 2) H0* 
[e] 
1) R2BH 


P 


The following are alternative synthetic pathways that 
also achieve the desired transformation: 


Ar OH 


SS 9) H,0;, NaOH 


HC=CNa 1) BH: THF 
2) H5, NaOH 
NaOH 
Su P ilb udis Br 
H HBr, 

2 ROOR 

ZA 

Lindlar's x7 

catalyst 


(d) There are certainly many acceptable answers to this 
problem. One such answer can be rationalized with the 
following retrosynthetic analysis. 


mune ee 
|: 


A 
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i. The alcohol can be made by treating the appropriate 
aldehyde with ethyl magnesium bromide. 


The following is an alternative synthetic pathway that 
also achieves the desired transformation: 


ii. The aldehyde can be made from a terminal alkyne 1) HC=CNa 
(via hydroboration-oxidation). 2) NaNH> OH 
iii. The terminal alkyne can be made via an alkylation 3) EtBr ee eee 
process. Bi 4) H2804, 
H20, HgSO4 é 
Reagents for this synthetic strategy are shown here. HC=CNa 5) LiAIHy | » oe 
6) H30* $ 
1} HC=CNa 9) 
br € | AS "uU 
3) H202, NaOH N 
2m 4) EtMgBr 
5) HO* 1) NaNH> 
= 1) EtMgBr 2)EBr AAN H2504, 
HC=CNa 
lp H4O* S H2O 
O HgSO, 
Pau 1) R2BH 


pU 


Sue 72) H;0;. NaOH 


12.69. Two curved arrows are used to show hydride delivery to the electrophilic carbon atom of one of the ester 
carbonyl (C=O) groups. Note that the tail of the first curved arrow is placed on the bond between Al and H (it is NOT 
placed on the negative charge). The resulting intermediate then ejects an alkoxide leaving group, which requires two 
curved arrows and opens the ring. The resulting aldehyde is then further reduced by another equivalent of LiAlHa. 
Once again, two curved arrows are used to show hydride delivery to the electrophilic carbonyl. This entire process is 
then repeated again for the other ester group, giving two equivalents of a dianion intermediate. 


H H 
| a | © 
n :Q H CL APH O H 
H em H 
——— 


eo 
"S Go H y 
ov^ i Oo ^ 


[9] [9] H 
o | ge" 
d H—AI-H 
O H Vf 
H So H 
o9 ò H 
2 <__\_——_ © <——_ o 
/ H H. (So 02) 0 
c9 


The resulting dianion is then protonated upon treatment with aqueous acid (workup). Notice that each protonation step 
is drawn separately (with two curved arrows for each step). 
H 


HO. ES 
x3 HA^H 


o9 


12.70. Note that the reaction mechanism is analogous to that of problem 12.70, except that the hydride nucleophile 
from problem 12.70 has been replaced with methyl magnesium bromide. Two curved arrows are used to show a 
Grignard reagent attacking the electrophilic carbon atom of one of the ester carbonyl (C=O) groups. The resulting 
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intermediate then ejects an alkoxide leaving group, which requires two curved arrows and opens the ring. The resulting 
ketone is then further attacked by another equivalent of the Grignard reagent. Once again, two curved arrows are used 
to show the nucleophilic attack. This entire process is then repeated again for the other ester group, giving two 


equivalents of a dianion intermediate. 


O e Ed CH 
c 4 “CH :Q : 
Oo H LO 


A o 


(0) (0) 


The resulting dianion is then protonated upon treatment with aqueous acid (workup). Notice that each protonation step 
is drawn separately (with two curved arrows for each step). The less-stable negative charge (the tertiary alkoxide) is 


the stronger base and is therefore protonated first. 


H 


EN 0e 


12.71. The product has one more carbon atom than the 
starting material. This extra methyl group can be 
installed using a Grignard reaction, as shown here: 


OH 
O 


1) MeMgBr 
2) H30* 


If we are going to use this Grignard reaction to form the 
critical carbon-carbon bond, then we must first convert 
the starting cycloalkane into the necessary ketone, AND 
we must convert the product of the Grignard reaction (a 
tertiary alcohol) into the desired product. There are 
certainly many acceptable synthetic routes that can be 
used. One such route is shown here. The starting 
material does not have a functional group, but one can be 
introduced via radical bromination. Elimination 
followed by hydroboration-oxidation gives an alcohol 
that can be oxidized to give the ketone necessary for the 
Grignard reaction. Then, after the Grignard reaction is 
complete, the resulting tertiary alcohol can be converted 
into the product in just two steps (El dehydration 
followed by catalytic hydrogenation): 
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1) Bro, Av 
2) NaOMe 
3) BHa: THF 


4) H202, NaOH 


5) Na2Cr207, 
ae ) Bro, hv H504, H0 2 
6) MeMgBr Pt 
7) H30* 
8) conc. H2804, 
heat 


9) Ho, Pt 


conc. 
) NaOMe H2504 @ 

heat OH 

1) MeMgBr 

2) H202, NaOH 3 

O 

eH Na2Cr207, Pd 

H2SOq4, H20 


12.72. Two curved arrows are used to show delivery of 
hydride to the electrophilic carbon atom of the carbonyl 
(C=O). Note that the tail of the first curved arrow is 
placed on the bond between Al and H (it is NOT placed 
on the negative charge). The resulting intermediate then 
ejects methoxide as a leaving group, which requires two 
curved arrows. The resulting compound is then further 
reduced by another equivalent of LiAIH4. Once again, 
two curved arrows are used to show hydride delivery to 
the ester carbonyl, resulting in an intermediate that ejects 
methoxide as a leaving group, which requires two curved 
arrows, to give formaldehyde. Formaldehyde is then 
reduced one last time by a third equivalent of LiAlH4 
(and once again, two curved arrows are required). The 
resulting alkoxide ion is then protonated upon treatment 
with aqueous acid (workup) to give the product 
(methanol). Note that three equivalents of methoxide are 
formed in this process, resulting in the formation of three 
equivalents of methanol after the workup. 


ò 
sll 1) Excess LiAIHy 


o^^^o^ 2)HsO* 
uM 
| 


(0) (0) H 
H lo 
| H—AI—H 
- MeO Oo H 
t L 
lo © H^ `H 
Zo H7AI—H 0: 
EN NE h WH > d - MeO 
(0) H 


12.73. When sulfuric acid is used, the actual proton 
source is more likely to be H30*, rather than H2S014, 
because aqueous sulfuric acid contains water (even when 
concentrated), and the equilibrium favors H3O* over 
H2SOa, as shown here. 


O 
LA S 
H-O-S—O-H + ,70. 
i H H 
l © H 
H-O—S—O * O 
n H^O^H 


Therefore, our mechanism will show H3O* as the proton 
source. In the first step of the mechanism, one of the OH 
groups is protonated to give a good leaving group. Loss 
of the leaving group then generates a tertiary 
carbocation. In this case, the tertiary carbocation can 
rearrange to produce a more stable cation that is 
resonance-stabilized. Water then functions as a base to 
remove a proton, giving the product. Notice that the last 
step employs water as the base. You cannot show 
hydroxide functioning as a base because the 
concentration of hydroxide is negligible in acidic 
conditions. 
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HO :OH : fe) He OH conc. H2504 9 
4 REN C m ae heat 


o” H H For each of these (highlighted) carbon atoms, we 
H—oG "Oc. calculate its oxidation state in both the starting diol and 
Y u i 9 E the ketone product: 


H C a 
if Ye. i eo " oxidized re 
« 
HO OH [0] 
N H20 | PA Yet 
methyl i i 


D shift ec *1 duced > (0 
© © 


L | Notice that one carbon atom is oxidized from an 
oxidation state of +1 to an oxidation state of +2, while 


12.74. We begin by identifying the carbon atoms the other carbon atom is reduced from an oxidation state 
(highlighted below) that undergo a change in bonding as of +1 to an oxidation state of 0. Overall, the starting 
a result of the reaction: material does not undergo a net change in oxidation state 


and is, therefore, neither reduced nor oxidized. 


12.75. Analysis of the starting material and the product shows that the aldehyde and alkene groups have been reduced. 
Secondly, the aldehyde is selectively reduced in the presence of the ester. Selective reduction of the aldehyde with 
NaBH., followed by reduction of the alkene (H2, Pt), affords the desired product. Note that LiAlH4 cannot be used in 
this case, because LiAIH4 would reduce the ester group as well. 


Ò Ò 
H NaBH4 HO H2 HO 
— —— 
S OCH3 MeOH TuS OCH3 Pt OCH; 
[9] NHBoc NHBoc NHBoc 


12.76. We have seen that tetrabutylammonium fluoride (TBAF) can be used to remove silyl protecting groups. In this 
case, there are two such groups: 


We learned about the trimethylsilyl protecting group (TMS), and the protecting groups employed in this case are very 
similar (in each case, one of the methyl (R) groups has been replaced with a tert-butyl group). This protecting group is 
called the tert-butyldimethylsilyl group (TBDMS, or just TBS for short), and it is removed upon treatment with TBAF, 
in much the same way that the TMS group is removed under similar conditions. The rest of the compound is expected 
to remain unchanged. 
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12.77. The following synthesis is one suggested synthetic pathway. There are certainly other acceptable approaches 
that accomplish the same goal. 
Let’s start with a few general observations: 

1. Our starting materials cannot have more than eleven carbon atoms, and the target compound has thirty 
carbon atoms, so we will need to form more than one C—C bond. 

2. The molecule is symmetric, so it makes sense to propose equivalent reactions on each side of the 
molecule. 

3. The central C=C bond has the cis configuration, which we can make via reduction of an internal alkyne 
using H» and Lindlar's catalyst. This, however, cannot be the final step of our proposed synthesis, 
because these conditions would also reduce the two terminal alkyne groups. Thus, the two terminal 
alkyne groups need to be installed after reduction of the central alkyne group. 


The figure below outlines a retrosynthetic analysis for our target molecule. An explanation of each of the steps (a-d) 
follows. 


OH af 
A = IN 
Pu A 


Oo 
ER J BMI, AAN ZU ay MgBr L 
ZA V (CHo)g (CH5) $ 


219 


OH 


M 
M 


BS 2 SX 2Br E Br. U2 — axs -Br 
`S Nen $= cH) OS Lob c cnten d 


| d 
B „Br AN. Br us 2Br 
Em E — RA d 


a. Duryne can be made from the reaction between the bis-vinyl Grignard reagent (a dianion) and two 
equivalents of the aldehyde shown. 

b. The bis-vinyl Grignard is made from the bis-vinyl bromide and two equivalents of magnesium. 

The cis alkene is produced via reduction of the corresponding internal alkyne. 

d. The alkyne is made by sequentially alkylating each carbon of acetylene with (£)-1,11-dibromo-1-undecene. 
Note that while there are two bromines on this molecule, only the bromide attached to the sp? hybridized 
carbon atom can serve as a leaving group in an Sn? reaction. 


^ 


Now let's draw the forward scheme. The starting material, (E)-1,11-dibromo-1-undecene, is treated with sodium 
acetylide to produce a terminal alkyne. Deprotonation with sodium amide, followed by treatment with a second 
equivalent of (E)-1,11-dibromo-1-undecene gives the internal alkyne. Reduction of the alkyne with H» and Lindlar's 
catalyst affords the cis alkene. Further treatment with two equivalents of magnesium yields the bis-vinyl Grignard, 
which reacts with two equivalents of the aldehyde. Aqueous acidic workup produces the target molecule, duryne. 
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H 
Br. — SX CBr ae Br. ZZ ax -Br 
er CH — "eeu € Lirdlars TAM 68)———(eH 
catalyst 


1) Mg (2 equiv.) 


OH 


OH 
ZA = WN 
a 7 en 


3) H4O* 


ANS 


12.78. The following synthesis is one suggested synthetic pathway. There are certainly other acceptable approaches 
that accomplish the same goal. 

By comparing the structures of the starting material (4-methylphenol) and the product, it is clear that the following 
bonds (disconnected below) need to be made in this synthesis. 


Oa = -0- 


The left bond (C—O) can be made via an Sn2 process, while the right bond (C—C) can be made by either a Grignard 
reaction or by using an acetylide ion as a nucleophile. It is important that we make the ether bond early in our scheme 
to avoid an acid-base reaction between the phenolic proton (pKa ~ 10) and the Grignard reagent or acetylide (both of 
which are strong bases). If the phenolic proton is subjected to a Grignard reagent, the latter would be destroyed via 
protonation. The same fate would occur for an acetylide ion that is treated with a compound bearing a phenolic proton. 


The following is a retrosynthetic analysis for our target compound. An explanation of each of the steps (a-e) follows. 


a b MgBr 
HOR MO ct VO 
HO j ee 
e AS d N Br 
o SRL Mo 


a. We can make the monosubstituted alkene by converting the OH group into a tosylate group and then 
performing an elimination reaction with a sterically hindered base. 

b. The alcohol can be made via a Grignard reaction between the benzylic Grignard reagent and the aldehyde 
shown. 

c. The Grignard reagent is made from the corresponding benzylic bromide. 
The bromine atom can be installed via radical bromination at the benzylic position. 

e. The methyl ether can be produced via an Sn2 reaction from the starting material. 


Now let's draw the forward scheme. The starting material, 4-methylphenol, is deprotonated with sodium hydroxide and 
the resulting phenoxide serves as a nucleophile in an Sn2 reaction with bromomethane. The bromine atom is installed 
using N-bromosuccinimide and light. This compound is then converted into a Grignard reagent using magnesium. The 
Grignard reagent reacts with the appropriate aldehyde (CH3CHO), followed by aqueous acidic workup to produce the 
alcohol. Conversion to the tosylate and subsequent elimination with tert-butoxide produces the less-substituted alkene 
(Hofmann product), estragole. 
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D- 


1) NaOH — NaOH 
2)MeBr MeBr 


OM men 


ue 


ad a 


1) Mg 
2) CH3CHO 
3) H0* 
a TC py 
2) t-BuOK 


ae ae 
[9] 
HO 


As mentioned, the synthetic route above is not the only method for making estragole. For example, the following 
alternative synthesis involves an acetylide ion, rather than a Grignard reaction: 


NaON - NaOH 
2) MeBr 


-O z- 


NER. X Pr 
S — + o— j— 


HC=CNa 


b see Lindlar's cat. vie 


12.79. The singlet with an integration of 9 is 
characteristic of a tert-butyl group. The signals near 7 
ppm (with a total integration of 4) indicate a 
disubstituted aromatic ring. The splitting pattern of these 
signals indicates that the compound is para-disubstituted 
(because of symmetry). The signal at 5 ppm with an 
integration of 1 is likely an OH group. Our analysis 


produces the following three fragments: 


HH 


These three fragments can only be assembled in one 


way: 
Ho—4 )-- 


12.80. The PC NMR spectrum indicates that all three 
carbon atoms are in different environments. One of 
these signals appears between 50 and 100 ppm, 
indicating that one carbon atom is connected to an 
oxygen atom (the molecular formula indicates the 
presence of an oxygen atom). Now we turn to the !H 
NMR spectrum. The signal at 1 ppm has an integration 
of 3, indicating a CH3 group. Since this signal is a 
triplet, the CH3 group must be adjacent to a CH» group. 


Ho-$ 


The signal at 3.6 ppm indicates a CH2 group (integration 
— 2) that is neighboring an oxygen atom (thus it is shifted 
downfield, as expected for protons that are a to an OH 
group). The singlet at 2.4 ppm is likely an OH group, 
and the signal at 1.6 ppm results from the CH» group that 
is being split by two sets of neighbors. Using all of this 
information, we can arrive at the following structure. 


NOH 


12.81. In the IR spectrum, the broad signal between 
3200 and 3600 cm! indicates an OH group. The NMR 
spectrum indicates that there are only three different 
kinds of carbon atoms, yet the molecular formula 
indicates that the compound has five carbon atoms. 
Therefore, we must draw structures that possess enough 
symmetry such that there are only three unique kinds of 
carbon atoms. The following two structures are 
consistent with this analysis. 


12.82. There is a multiplet just above 7 ppm, indicating 
an aromatic ring. Since the integration of this signal is 5, 
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we expect the aromatic ring to be monosubstituted. The These three fragments can only be assembled in one 
two triplets (at 2.8 ppm and 3.8 ppm) indicate two CH» way: 


groups that are neighboring each other, and the singlet at OH 
2 ppm (with an integration of 1) is likely an OH group. 
Our analysis produces the following three fragments: 
H H Notice that the signals for the CH2 groups (the triplets) 
4 S4 -c—c-8 $—OH are shifted downfield. The signal at 3.8 ppm represents 
: Y the CH2 group next to the oxygen atom, and the signal at 
2.8 ppm represents the CH2 group next to the aromatic 
ring. 


12.83. The following two syntheses are suggested synthetic pathways. There are certainly other acceptable approaches 
that accomplish the same goal. 

Each of the target compounds has eight carbon atoms, suggesting the following disconnections, which break each 
carbon skeleton into two four-carbon fragments. 


A ieee AKA 
The following figure outlines a retrosynthetic analysis for our first target molecule. An explanation of each of the steps 
(a-h) follows. 


O a OH b n O e OH 
PW P ee pur LA ae 


The target ketone is made by oxidation of the corresponding alcohol, 2-methyl-4-heptanol. 

The alcohol is produced via a Grignard reaction between the Grignard reagent and aldehyde shown. 

The Grignard reagent is made from the corresponding alkyl halide, 1-bromo-2-methylpropane. 
1-Bromo-2-methylpropane is produced via an anti-Markovnikov addition of HBr to 2-methylpropene. 
The aldehyde is made from oxidation of 1-butanol. 

1-Butanol is made from 1-butene via hydroboration-oxidation. 

1-Butene is made from 2-bromobutane using a sterically hindered base to produce the less-substituted 
alkene. 

2-Bromobutane is made from HBr addition to trans-2-butene. (Note: Cis-2-butene also produces the 
same product.) 


09 7*9 & ASA 


> 


Now let’s draw the forward scheme. Addition of HBr to 2-butene produces 2-bromobutane, which is subsequently 
treated with fert-butoxide to give l-butene (Hofmann product). Anti-Markovnikov addition of water (via 
hydroboration-oxidation) followed by PCC (or DMP or Swern oxidation) gives the aldehyde. Reaction with the 
Grignard reagent (produced by anti-Markovnikov addition of HBr to 2-methylpropene, followed by treatment with 
magnesium, as shown) gives 2-methyl-4-heptanol after aqueous acidic workup. Oxidation produces the target ketone. 
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2) H202 
NaOH 


OH [9] 
NIN Her a CEILS. Ww. VERTER oen. sca E 


Br 


HBr Mg th 
ROOR Br MgBr PEOR 
3 


^ H0, H0 H20 
The following figure outlines a retrosynthetic analysis for our second target molecule. An explanation of each of the 
steps (a-e) follows. 


made as 
gBr 
X above 


Bor es pe 


The target ketone is made by oxidation of the corresponding alcohol, 3-methyl-4-heptanol. 

The alcohol is produced via a Grignard reaction between the Grignard reagent and aldehyde shown. 

The Grignard reagent is made from the corresponding alkyl halide, 2-bromobutane. 

2-bromobutane is produced via addition of HBr to trans-2-butene. (Note: Cis-2-butene also produces the 
same product.) 

e. The aldehyde is made as described in the synthesis of the first target ketone. 


Ro SR 


Now let's draw the forward scheme. Addition of HBr to 2-butene produces 2-bromobutane. 2-Bromobutane is 
converted to a Grignard reagent which is subsequently treated with the aldehyde (made as described above), followed 
by aqueous acidic workup, to produce 3-methyl-4-heptanol. Oxidation gives the target ketone. 


HBr 1) Mg OH Na;Cr20; 
L — ———————- 
db d en 2)0 H2504, H20 E NN 
Br MN 


3) H0* 


12.84. 

(a) The alcohol is protonated by HBr, converting the OH group into a good leaving group. Water leaves, producing a 
tertiary carbocation intermediate. Bromide attacks the indicated carbon atom of the cyclopropyl group, thus opening up 
the ring and generating the product. The last step of the mechanism is aided by the relief of ring strain present in the 
three-membered ring. 


edt. "OMS ity NB te Ok NET 


(b) The following synthesis is one suggested synthetic pathway. There are certainly other acceptable approaches that 
accomplish the same goal. 
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Let’s start by looking at the product and attempting to map out the destinations of the carbon atoms in each of our given 
starting materials. The product is symmetric, which suggests that the groups from the left and right halves will have 
analogous origins. Compounds A, B, and C have four, five, and six carbon atoms, respectively. Both of the four- 
carbon linear termini of the product likely originate from the two equivalents of 1-bromobutane, which also has a linear 
four-carbon chain. 
derived from A derived from A 
FF a7 


This leaves 16 carbon atoms in the central portion of the target structure (between the disconnections shown in the 
figure above). A careful analysis of this fragment (and keeping in mind the symmetry of the product) suggests that the 
six central carbon atoms are from C, while the two five-carbon units flanking this portion are derived from two 
equivalents of B. 


derived derived derived 
from B from C from B 
mA 


Now let’s consider the key step (described in the problem statement) and how it will fit into our synthesis. We need to 
fill in the gap between the starting materials and the key step, as well as the gap between the key step and the final 
product. 


Starting materials 5,9,12,16-tetramethyleicosane 
Suet Pp 
OH — HBr 
EU ax Br 


The tertiary alcohol above can be prepared via a Grignard reaction between butyl Grignard (prepared from A) and 
ketone B. 


(0) 


O 
SAMS SMB a 


Now let’s focus on the steps following the key step. The carbon atoms in the product can be mapped on to two 
equivalents of the alkenyl bromide and one equivalent of the diketone as shown in the figure below. 
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This suggests the following retrosynthetic approach. 


o HO 
— Aue 7 as = e X e 
fe) OH 


a. The product can be prepared in two steps from the diol: acid-catalyzed dehydration followed by 
hydrogenation of the resulting diene. 


b. The alkyl chains can be prepared from alkenes via hydrogenation. 
c. Disconnection at the indicated bonds indicates two equivalents of the Grignard reagent nucleophile and one 
equivalent of the diketone electrophile. 


Now, let’s draw out the forward scheme. 1-Bromobutane (A) is treated with magnesium to give a Grignard reagent, 
and subsequently reacted with ketone B. Aqueous acidic workup produces the tertiary alcohol. Reaction with HBr 
drives the ring-opening reaction to give the alkenyl bromide, as described in part (a). Conversion to the Grignard 
reagent by treatment with magnesium metal, followed by addition of 0.5 equivalents of diketone C, yields the dialkenyl 
diol after aqueous workup. This diene is reduced by catalytic hydrogenation. Acid-catalyzed dehydration of the diol, 
followed by hydrogenation of the resulting diene affords the desired product, 5,9,12,16-tetramethyleicosane. 


OH 
NON Br Moo AK HBr C TNT. 
i a 1) Mg 
3H,0 V B 2) 


c 
O (0.5 equiv.) 


HO 


OH 


1) H2504 
2) Ha / Pt 
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12.85. 
(a) TBAF (tetrabutylammonium fluoride) removes the silyl protecting group to give diol 3, which then undergoes 
selective tosylation of the primary hydroxyl group (as described in the problem statement) to give tosylate 4: 


TBAF TsCl 


pyridine 


ZA O, 
1 Si 


/N 
R R 


P4 


(b) Methoxide functions as a base and deprotonates the tertiary hydroxyl group. The resulting alkoxide functions as a 
nucleophile and attacks the primary tosylate in an intramolecular, SN2-type process. Numbering the atoms in the six- 
membered ring can help us redraw the alkoxide ion in a conformation that is similar to the product. 


Note that these numbers do not necessarily adhere to IUPAC guidelines for assigning locants, but rather, they are 
simply tools that are used to verify that the alkoxide ion has been drawn correctly (it enables you to compare the 
configurations in each drawing, and prove to yourself that these drawings are the same). The use of locants can be 
especially helpful in ring-forming and ring-opening processes. 


(c) The cis relationship places the negatively charged oxygen atom (nucleophile) in close proximity with the carbon 
atom bearing the tosylate group (electrophile), thereby enabling an intramolecular back-side attack. The cis 
relationship is necessary in order for the reaction to occur. In the following structure, where these two groups have a 
trans relationship, we can see that the reactive centers are too far apart for an intramolecular reaction to occur: 


Too far apart 


Chapter 13 
Ethers and Epoxides; Thiols and Sulfides 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 13. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 


Vocabulary. 
e Ethers are often used as for organic reactions. 
e Cyclic polyethers, or ethers, are capable of solvating metal ions in organic 


(nonpolar) solvents. 
Ethers can be readily prepared from the reaction between an alkoxide ion and an 
, a process called a Williamson ether synthesis. This process works 


best for or alkyl halides. alkyl halides are 
significantly less efficient, and alkyl halides cannot be used. 

When treated with a strong acid (HX), an ether will undergo acidic in which it is 
converted into two alkyl halides. 

When a phenyl ether is cleaved under acidic conditions, the products are and an 
alkyl halide. 


Ethers undergo autooxidation in the presence of atmospheric oxygen to form 


Substituted oxiranes are also called 
can be converted into epoxides by Gesimeht with peroxy acids or via halohydrin 
formation and subsequent epoxidation. 
catalysts can be used to achieve the enantioselective epoxidation of allylic 


alcohols. 

Epoxides will undergo ring-opening reactions either 1) in conditions involving a strong 
nucleophile, or 2) under -catalyzed conditions. When a strong nucleophile is used, the 
nucleophile attacks at the -substituted position (the -hindered position). 


Sulfur analogs of alcohols contain an SH group rather than an OH group, and are called 


Thiols can be prepared via an Sy2 reaction between sodium hydrosulfide (NaSH) and a suitable 


The sulfur analogs of ethers (thioethers) are called 
Sulfides can be prepared from thiols in a process that 1s essentially the sulfur analog of the 
Williamson ether synthesis, involving a ion, rather than an alkoxide. 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 13. The answers appear in the section entitled Skil/Builder Review. 


13.1 Naming an Ether 


CI 


Provide à systematic name for the following compound: 


Oo 1) Identify the parent 
Nec 2) Identify and name substituents 
> 
Cl 3) Assign locants to each substituent 


4) Alphabetize 
5) Assign configuration 
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13.2 Preparing an Ether via a Williamson Ether Synthesis 


Identify reagents that can be used to achieve the following transformation: 
oa »[ — jJ by 
‘or * I 
a[( jJ 


13.3 Preparing Epoxides 


Identify reagents that can be used to achieve the following transformation: 


E Me" i Et + En 
Xe ACC, "EX 
(C 


13.4 Drawing the Mechanism and Predicting the Product of the Reaction between a Strong 
Nucleophile and an Epoxide 


Complete the mechanism below by drawing all curved arrows, intermediates and products. 
H 
/ 

H -09 
H 


13.5 Drawing a Mechanism and Predicting the Product of Acid-Catalyzed Ring Opening 


Complete the mechanism below by drawing all curved arrows, intermediates and products. 


H 
"o H Z009 m m 
H EtOH EtOH 
ef |"Et z = 


Me H 


13.6 Installing Two Adjacent Functional Groups 


Identify whether each ring-opening reaction below requires acidic conditions or basic conditions: 


( ) conditions i 
R MCPBA 9 R 
= — at rt (i) conditions 
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13.7 Choosing the Appropriate Grignard Reaction 


Identify reagents that can be used to achieve each of the following transformation: 
1) 1) OH 
R-Br — Son r —— R 
2) 2) 
3) 3) 
_ — Á 


Review of Reactions 

Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 13. The answers appear in the section 
entitled Review of Reactions. 


Preparation of Ethers 


R-OH | — — ———- R-O-R 
RO H 
{=x å — D 
R R R R 


Reactions of Ethers 


Preparation of Epoxides 


cis cis 


R7 SoH 


CHAPTER 13 
Ring-Opening Reactions of Epoxides 


Strong Nucleophile O 


Acid-Catalyzed 


Y 


Y 


OH OH OH OH OH HO | HO | per 
RO Pat Le ES H | X OH 


OR 
Thiols and Sulfides 
Thiols 
Br SH 
— > z 
R1 R2 R RI 
2 RSH R—S—S—R 
Sulfides 
R—SH —————- R—S—R 
Me 
| © 
ee ————— RER + X 
1 ji 
S. Ss. ——- R-S-R 
RI OR R~ OR u 
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Review of Mechanisms 

Complete each of the following mechanisms by drawing the missing curved arrows. To verify that your 
curved arrows are drawn correctly, compare them to the curved arrows in the mechanism boxes for 
Mechanisms 13.1 — 13.8, which can be found throughout Chapter 13 of your text. 


Mechanism 13.1 The Williamson Ether Synthesis 


Formation of Second Alkyl Halide 


H 
- H—X lo 
H4C—0—H H4C—O--H 


Mechanism 13.3 Autooxidation of Ethers 


Initiation 
H 


pa “Initiator . 
m DELE Es 


Propagation E 
* O—O R———X ET 
"dir dias o 
o7? H art 


Termination 


» 2 
Mechanism 13.4 Epoxide Formation from Halohydrins 


E Re) 
$us Os : 
ON :OH g - gi? . 
» 5 
"gr "Br 
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Mechanism 13.5 Epoxide Ring Opening with a Strong Nucleophile 


Mechanism 13.6 Acid-Catalyzed Ring Opening of an Epoxide 


1 
"o H—X E - ; 
VAN AEN VES E o 


Mechanism 13.7 Oxidation of Thiols 


Deprotonation of the Thiol 


Formation of the Disulfide 


Ox 
-O © Br—Br be Na :S—R s» us 
R—S: Na > R-—S-—Br > R-S—-S-R + NaBr 


Mechanism 13.8 Preparation of Sulfides from Thiols 


R-S-H + Nao Öh = R—$: Na > R-S-R + NaX 


Common Mistakes to Avoid 


We have seen that epoxides will react with a wide variety of nucleophiles (causing ring-opening 
reactions), either under acidic conditions or under basic conditions. If the attacking nucleophile is itself a 
strong base, such as a Grignard reagent, then acidic conditions cannot be used. That is, the following 
transformation is not possible to achieve, so avoid trying to do something like this: 


ae Ae ue 


R 


This doesn't work because Grignard reagents are not only strong nucleophiles, but they are also strong 
bases. And strong bases are incompatible with acidic conditions. If a Grignard reagent is subjected to a 
source of acid (even a relatively weak acid, such as H20), the Grignard reagent is irreversibly protonated to 
give an alkane, for example: 


H JOR H 
| © H4 H | 
EUST MgBr > DE a + HOMgBr 


H H 
(MeMgBr) Methane 
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In summary, never use a Grignard reagent in the presence of an acid. The same rule applies to the use of 
LiAlH; (lithium aluminum hydride), which is both a strong nucleophile and a strong base. Therefore, much 
like a Grignard reagent, LiAIH, also cannot be used to open an epoxide under acidic conditions: 


n LiAIH, 


Bus B ce ree 


H 


Once again, this doesn’t work because LiAIH, is incompatible with acidic conditions. Avoid making this 
mistake. 


Useful reagents 


The following is a list of commonly encountered reagents for reactions involving ethers, epoxides, thiols, 
and sulfides: 


Reagents Description 


An alkyl halide. Used for the alkylation of alcohols or thiols. First, the 
alcohol or thiol is deprotonated with a base, such as NaH or NaOH, and the 


E resulting anion is then treated with the alkyl halide, thereby installing an alkyl 
group. 

1) Hg(OAc)2, ROH | These reagents will achieve alkoxymercuration-demercuration of an alkene. 

2) NaBH4 This process adds H and OR in a Markovnikov fashion across the alkene. 


Will convert a dialkyl ether into two alkyl halides via cleavage of the C-O 
HX bonds. Will also react with an epoxide, thereby opening the ring, and 
installing a halogen at the more-substituted position. 


meta-Chloroperoxybenzoic acid. An oxidizing agent that will convert an 


Mae alkene into an epoxide. 
RCO:H A peroxy acid. An oxidizing agent that will convert an alkene into an epoxide. 
MCPBA is an example of a peroxy acid. 
1) Br2, HO ; i : p 
in Alternative reagents for converting an alkene into an epoxide. 
(CH3)3COOH, 
Ti[OCH(CH3)2]4, Reagents for enantioselective (Sharpless) epoxidation. 
(+)-DET or (—)-DET 
An alkoxide ion is both a strong nucleophile and a strong base. It can be used 
^ in a Williamson ether synthesis (reacts with an alkyl halide to form an ether), 
NEO RU RONG) or to open an epoxide under basic conditions (the alkoxide ion attacks the less- 
substituted position). 
NaCN A good nucleophile that will react with an epoxide in a ring-opening reaction. 
NaSH A very strong nucleophile that will react with an epoxide in a ring-opening 


reaction. NaSH can also be used to prepare thiols from alkyl halides. 


A Grignard reagent. A strong base and a strong nucleophile. Will react with 
an epoxide in a ring-opening reaction, to attack the less-substituted side (it is 
RMgBr not possible to use acidic conditions and have the Grignard reagent attack the 
more-substituted side — see the previous section on common mistakes to 
avoid). 
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Lithium aluminum hydride is a source of nucleophilic hydride. It will react 
with an epoxide in a ring-opening reaction, to attack the less-substituted side 


LiAlH4 (it is not possible to use acidic conditions and have a hydride ion attack the 
more-substituted side — see the previous section on common mistakes to 
avoid). 

[H], H20 Aqueous acidic conditions. Under these conditions, an epoxide is opened to 

(or H30*) give a trans diol. 

[H*], ROH Under these conditions, an epoxide is opened, with a molecule of the alcohol 


attacking a protonated epoxide at the more-substituted position. 


NaOH/H0, Br 


Reagents for converting thiols into disulfides. 


HCl, Zn Reagents for converting disulfides into thiols. 
HO Strong oxidizing agent, used to oxidize sulfides to sulfoxides, and then further 
ae to sulfones. 
NalO4 Oxidizing agent, used to oxidize sulfides to sulfoxides. 
Solutions 
13.1. The parent is numbered to give the substituents the 


(a) The oxygen atom has two groups attached to it. 
One group has two carbon atoms and the other group has 
three carbon atoms. The parent is named after the larger 
group, so the parent is propane. The smaller group 
(together with the oxygen atom) is treated as an ethoxy 
substituent, and a locant is included to identify the 
location (C2) of the substituent on the parent chain. 


MS 


2-Ethoxypropane 


(b) The oxygen atom has two groups attached to it. One 
group has three carbon atoms and the other group has 
two carbon atoms. The parent is named after the larger 
group, so the parent is propane. The smaller group 
(together with the oxygen atom) is treated as an ethoxy 
substituent, and a locant is included to identify the 
location (C1) of the substituent on the parent chain. The 
parent chain also has a chloro substituent, located at C2 
of the parent. That position is a chiral center, so a 
stereodescriptor is required to identify the configuration 
(S). When assembling the name, the substituents are 
arranged alphabetically (chloro precedes ethoxy). 


AE 


Cl 
(S)-2-Chloro-1-ethoxypropane 


(c) The oxygen atom has two groups attached to it. The 
parent is named after the larger group, so the parent is 
benzene. The smaller group (together with the oxygen 
atom) is treated as an ethoxy substituent, and a locant 
(C1) is included to identify the location of the substituent 
on the parent chain. The parent chain also has two 
chloro substituents, located at C2 and C4 of the parent. 


lowest possible numbers (1,2,4 instead of 1,3,4). When 
assembling the name, the substituents are arranged 
alphabetically (chloro precedes ethoxy). 


2,4-Dichloro-1-ethoxybenzene 


(d) The parent is cyclohexanol (with OH located at C1, 
by definition), and the ethoxy group is listed as a 
substituent. A locant (C2) is included to indicate the 
location of the ethoxy group on the cyclohexanol parent, 
and stereodescriptors are included to indicate the 
configuration of each chiral center: 


OH 
.OAOEt 


(1R,2R)-2-Ethoxycyclohexanol 


(e) The parent is cyclohexene, and the ethoxy group is 
listed as a substituent. A locant (C1) is included to 
indicate the location of the ethoxy group on the 


cyclohexene parent: 


1-Ethoxycyclohexene 


13.2. 
(a) The parent (cyclobutane) is a four-membered ring, 
and there is an ethoxy group connected to the ring 
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(which is defined as position C2 of the ring). This 
position is a chiral center, and it has the R configuration. 
There are two methyl groups, both located at C1. 


OEt 


(R)-2-Ethoxy-1,1-dimethylcyclobutane 


(b) This name has the format of a common name. It is 
an ether in which the oxygen atom is connected to a 
cyclopropyl group (a three-membered ring) and an 
isopropyl group (a three-membered chain, connected at 
the middle carbon atom). 


Tum 
Cyclopropyl isopropyl ether 


13.3. Recall that the general structure of an ether is 
R-O-R;, where R and R' represent alkyl, aryl, or vinyl 
groups. For an ether with the molecular formula 
C5H120, both groups must be alkyl groups. Further, if R 
has one carbon atom, then R' must have four carbon 
atoms; and if R has two carbon atoms, then R’ must have 
three carbon atoms. These are the only options. Let's 
first consider the possibilities when R has one carbon 
atom and R'has four carbon atoms. There is only one 
way to have a one-carbon substituent (CH3), but there are 
four ways to assemble a four-carbon substituent. These 
options result in four possible ethers, shown below, 
along with their common and systematic names. 


paa 


n-Butyl methyl ether 
(common name) 


5L = | ON 2 


1-Methoxy- 
2-methylpropane 
(systematic name) 


1-Methoxybutane 
(systematic name) 


' 
1 
1 
1 
' 

= 

w 


Isobutyl methyl ether 
(common name) 


sec-Butyl methyl ether 
(common name) 


Xu = 


tert-Butyl methyl ether 
(common name) 


2-Methoxybutane 
(systematic name) 


2-Methoxy- 
2-methylpropane 
(systematic name) 


The common names of the four different types of butyl 
groups (n-butyl, isobutyl, sec-butyl, and tert-butyl) were 
discussed in Section 4.2. The systematic name of each 
compound uses the longest continuous carbon chain as 
the parent and treats the methoxy group as a substituent 
in all four cases. 

Now let’s consider the possibilities when R has two 
carbon atoms and R’ has three carbon atoms. There is 
only one way to have a two-carbon substituent, but there 
are two ways to assemble a three-carbon substituent (n- 
propyl or isopropyl). These options result in two possible 
ethers, shown below, along with their common and 
systematic names. The common names of the two types 
of propyl groups (n-propyl or isopropyl) were discussed 
in Section 4.2. Each systematic name uses the longest 
continuous carbon chain as the parent (propane) and 
treats the ethoxy group as a substituent. 


Zo Cd 


wees 4 


2 
x 


Ethyl n-propyl ether 
(common name) 


Ao 


Ethyl isopropyl ether 
(common name) 


1-Ethoxypropane 
(systematic name) 


2 
Xx 


WE aati eA 


2-Ethoxypropane 
(systematic name) 


13.4. 
(a) The cation is potassium, so we must use 18-crown-6, 
which solvates potassium ions. 


Br F 


KF 
benzene 


18-Crown-6 


(b) The cation is sodium, so we must use 15-crown-5, 
which solvates sodium ions. 


Br F 


NaF 
benzene 


15-Crown-5 


(c) The cation is lithium, so we must use 12-crown-4, 
which solvates lithium ions. 


Br F 
LiF 
benzene 
12-Crown-4 


(d) The cation is potassium, so we must use 18-crown-6, 
which solvates potassium ions. 


Ss 


13.5. 

(a) A Williamson ether synthesis will be more efficient 
with a less sterically hindered substrate, since the process 
involves an Sn2 reaction (at the highlighted position 
shown below). Therefore, in this case, it is better to start 
with a secondary alcohol and a primary alkyl halide, 
rather than a primary alcohol and a secondary alkyl 


halide: 
CY 1) NaH pto 
) 
I 


(b) A Williamson ether synthesis will be more efficient 
with a less sterically hindered substrate, since the process 
involves an Sn2 reaction (at the highlighted position 
shown below). In this case, it is better to start with a 
secondary alcohol and a primary alkyl halide, rather than 
a primary alcohol and a secondary alkyl halide: 


gs 


OH OH 
KMnO4 


benzene 
18-Crown-6 


1) NaH 


(c) A Williamson ether synthesis will be more efficient 
with a less sterically hindered substrate, since the process 
involves an Sn2 reaction (at the highlighted position 
shown below). In this case, it is better to start with a 
tertiary alcohol and a methyl halide, rather than methanol 
and a tertiary alkyl halide: 


OH 1) NaH OMe 
————- 


2)Me-I 


(d) In order to perform an intramolecular Williamson 
ether synthesis, we must choose a starting compound that 
contains both an OH group and a halogen, as shown 
here: 


cı HO fe] 
NaH 


The OH group is deprotonated upon treatment with NaH 
(a strong base). The resulting alkoxide ion can then 
function as a nucleophile in an intramolecular, SN2-type 
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reaction (back-side attack at the highlighted, primary 
position), expelling chloride as a leaving group, and 
giving a six-membered ring. 

The alternative starting compound, shown below, cannot 
be used, because the leaving group is attached to a 
tertiary position, so an SN2-type process cannot occur at 


that location. 


tertiary 


Ho, €! 


13.6. | We begin by classifying the carbon atoms on 
either side of the oxygen atom. One is secondary and the 
other is primary: 


2° d» 


A Williamson ether synthesis will be more efficient with 
a less sterically hindered substrate. Therefore, a primary 
halide and a secondary alcohol should be used, rather 
than a secondary halide and a primary alcohol: 


primary 


OH X ¢= LG is ideal 
PMBO + T for Su2 
PMBO, ww S 


The following reagents can be used to make the ether 
group of compound 1: 


13.7. 
(a) The 


involves the 
Markovnikov addition of H and OEt across the x bond. 
This can be accomplished via alkoxymercuration- 
demercuration, where EtOH is used in the first step of 


transformation 


desired 


the process. 


(b) The desired transformation involves the 
Markovnikov addition of H and OR across the x bond. 
This can be accomplished via alkoxymercuration- 
demercuration, where ROH (cyclobutanol) is used in the 
first step of the process. 


1) Hg(OAc}s, EtOH x 
2) NaBH, 


520 CHAPTER 13 
HO 


1) "x (0) 
> 
2) NaBH4 1j 
13.8. Cyclopentene can be converted to cyclopentanol 
via acid-catalyzed hydration (upon treatment with dilute 
aqueous H2SO4). Cyclopentanol can then be used for the 


alkoxymercuration of cyclopentene, giving the desired 
product. 


dilute H2504 OH 


Cy 1) Ha(OAc)», 
» (©) 
2) NaBH, 


13.9. Propene can be converted to l-propanol via an 
anti-Markovnikov addition of H and OH across the m 
bond, which can be achieved with hydroboration- 
oxidation. This alcohol can then be used for the 
alkoxymercuration of propene, giving the desired 
product via Markovnikov addition. 


1) BHg: THF 
2) H207, NaOH 
“NZ 
LAA TiHalOAc, HOT 7 T 
ee 
a 2) NaBH, p 
13.10. 


(a) The oxygen atom is connected to two carbon atoms 
(highlighted), each of which is sp? hybridized. As such, 
treatment with HBr is expected to cleave each of the 
C-O bonds and replace them with C-Br bonds. Because 
the starting ether is symmetrical, the resulting two alkyl 
bromides are identical. Therefore, two equivalents of 
this alkyl bromide are expected. 


xs HBr 
o 505 2 Br + HO 


(b) The oxygen atom is connected to two carbon atoms 
(highlighted), each of which is sp? hybridized. As such, 
treatment with HI is expected to cleave each of the C—O 
bonds and replace them with C-I bonds, giving the 
following diiodide. 


OW xs HI 


—> 


e Se Rl + H0 


(c) The oxygen atom is connected to two carbon atoms. 
One of these carbon atoms (left) is sp? hybridized, while 
the other (right) is sp? hybridized. As such, treatment 
with HBr is expected to cleave only the C—O bond 


involving the sp?-hybridized carbon atom (highlighted). 
The cleaved C-O bond is replaced with a C-Br bond. 
The other C-O bond is not cleaved, because the sp? 
hybridized substrate is not suitable for either an Sn1 or 
Sn2 mechanism. This gives phenol and ethyl bromide as 


products. 
(0) XS OH 
iD OQ up or 
——_——— + 


(d) The oxygen atom is connected to two carbon atoms. 
One of these carbon atoms (left) is sp? hybridized, while 
the other (right) is sp? hybridized. As such, treatment 
with HI is expected to cleave only the C—O bond 
involving the sp?-hybridized carbon atom (highlighted). 
The cleaved C—O bond is replaced with a C-I bond. The 
other C-O bond is not cleaved, because the sp? 
hybridized substrate is not suitable for either an Snl or 
Sn2 mechanism, giving the following product. 


i9] OH 
CL = CLT 
a 
I 


(e) The oxygen atom is connected to two carbon atoms 
(highlighted), each of which is sp? hybridized. As such, 
treatment with HI is expected to cleave each of the C-O 
bonds and replace them with C-I bonds. One of these 
carbon atoms is a chiral center. Since this position is 
tertiary, cleavage will occur via an Snl process, so we 
expect racemization. 


Z/N 


(racemic mixture) 


(f) The oxygen atom is connected to two carbon atoms 
(highlighted), each of which is sp? hybridized. As such, 
treatment with HBr is expected to cleave each of the 
C-O bonds and replace them with C-Br bonds, giving 
cyclohexyl bromide and ethyl bromide as products. 


e xS B 
di ww HBr Cy t 
t H20 


13.11. 

(a) There are two methods for naming epoxides. In one 
method, the parent will be propane, and the oxygen atom 
is considered to be an epoxy substituent connected to the 
parent at Cl and C2. In addition, there is a methyl 


substituent at C2, and the substituents are alphabetized in 
the name, as shown below. 


sa substituent 
2 
substituent EL 


1,2-Epoxy-2-methylpropane 


According to the second method for naming epoxides, 
the parent is considered to be the oxirane ring (with the 
O assigned as position 1, by definition). The ring has 
two methyl groups attached to it, both located at the 2 
position. 

1 

(0) 


3 
2 ENS 
<=) substituents 


2,2-Dimethyloxirane 


(b) There are two methods for naming epoxides. In one 
method, the parent will be ethane, and the oxygen atom 
is considered to be an epoxy substituent connected to the 
parent at C1 and C2. In addition, there are two phenyl 
substituents at C1, and the substituents are alphabetized 
in the name (“e” of epoxy comes before "p" of 
diphenyl), as shown below. 


is 
Phf 1 Ph 
1,2-Epoxy-1,1-diphenylethane 


According to the second method for naming epoxides, 
the parent is considered to be the oxirane ring (with the 
O assigned as position 1, by definition). The ring has 
two phenyl groups attached to it, both located at the 2 


position. 
yx 1 


Ph? 2 |Ph 
2,2-Diphenyloxirane 


(c) There are two methods for naming epoxides, 
although one of these methods will be less helpful 
because the two substituents (connected to the oxirane 
ring) are actually closed in a ring. This makes it difficult 
to name the compound as an oxirane. According to the 
first method for naming ethers, the parent is 
cyclohexane, and the oxygen atom is considered to be an 
epoxy substituent connected to the parent at C1 and C2. 


e 


1,2-Epoxycyclohexane 
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13.12. 

(a) There are two methods for naming epoxides. In one 
method, the parent will be propane, and the oxygen atom 
is considered to be an epoxy substituent connected to the 
parent at Cl and C2. In addition, there is a phenyl 
substituent at C2, and the substituents are alphabetized in 
the name, as shown below. Note that the configuration 
of the chiral center is indicated at the beginning of the 
name. 


Phat 


22 4 
Me 
3 


(R)-1,2-Epoxy-2-phenylpropane 


According to the second method for naming epoxides, 
the parent is considered to be the oxirane ring (with the 
O assigned as position 1, by definition). The methyl 
group and the phenyl group are both considered to be 
substituents, and their locations are identified with 
locants. Finally, the configuration of the chiral center is 
indicated (at the beginning of the name). 


(R)-2-Methyl-2-phenyloxirane 


In this case, the chiral center has the R configuration, as 
a result of the following prioritization scheme. 


O 
" TELE 
Ding, 
O 
NI 
TIO 


i 4 chiral 
H center 


(b) There are two methods for naming epoxides. In one 
method, the parent will be heptane, and the oxygen atom 
is considered to be an epoxy substituent connected to the 
parent at C3 and C4. The configuration of each chiral 
center is indicated. 


O 


NA E n A 
2 


T 5 


(3R,4R}-3,4-Epoxyheptane 


According to the second method for naming epoxides, 
the parent is considered to be the oxirane ring (with the 
O assigned as position 1, by definition). The ring is 
connected to two substituents (a propyl group and an 
ethyl group). Their locations are identified with locants, 
and the configuration of each chiral center is indicated 
(at the beginning of the name). 
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1 


Ò 
Om iy ZO 


(2R, 3R)-3-Ethyl-2-propyloxirane 


Note that, since it is alphabetically first, the ethyl group 
will assume the C2 position. 


(c) There are two methods for naming epoxides. In one 
method, the parent will be pentane, and the oxygen atom 
is considered to be an epoxy substituent connected to the 
parent at C2 and C3. There is also a methyl substituent 
located at C4, and the substituents are alphabetized in the 
name, as shown below. Note that the configuration of 
each chiral center is indicated at the beginning of the 
name. 


(2R, 3S)-2,3-Epoxy-4-methylpentane 


According to the second method for naming epoxides, 
the parent is considered to be the oxirane ring (with the 
O assigned as position 1, by definition). The ring is 
connected to two substituents (a methyl group and an 
isopropyl group). Their locations are identified with 
locants, and the configuration of each chiral center is 
indicated (at the beginning of the name). If isopropyl is 
used as the substituent name, it comes first alphabetically 
and therefore is assigned the lower number (2). 
However, if the systematic name is used, (l- 
methylethyl), then methyl comes first alphabetically and 
is assigned the lower number (2). 


1 


(2S, 3R)-2-lsopropyl-3-methyloxirane 
or 
(2R, 3S)-2-methyl-3-(1-methylethyl)oxirane 


13.13. 

(a) We begin by identifying the four groups attached to 
the epoxide ring. On the left, there is a methyl group and 
a phenyl group. On the right, there is a phenyl group and 
a hydrogen atom. Notice that the two phenyl groups are 
trans to each other: 


These two groups must be trans to each other in the 
starting alkene. 


(b) We begin by identifying the four groups attached to 
the epoxide ring. On the left, there is a cyclohexyl group 
and a hydrogen atom. On the right, there is a methyl 
group and a hydrogen atom. Notice that the two 
hydrogen atoms are trans to each other. 


These two hydrogen atoms must be trans to each other in 
the starting alkene. 


Cl = — OF A 
we i 


(c) The starting alkene must have the E configuration in 
order to obtain the desired epoxide, as shown. 


Ò 
[9] MCPBA fom " 
— — Oo "Hu 
Me 


(d) The starting alkene must have the trans 
configuration in order to obtain the desired epoxide, as 
shown. 


MCPBA 
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13.14. Compounds 1 and 3 have the same carbon skeleton. Only the identity of a functional group has changed. The 
epoxide product is cis-disubstituted, so we can deduce that the carbon-carbon double bond of alkene 2 must also be cis- 
disubstituted (because the epoxidation process is stereospecific). 


Cathe C7H45 
JAZ = USC 


cis cis 


The carbon-carbon double bond of the alkene can be made via reduction of the alkyne. 


cis 


Now let's draw the forward process. Conversion of alkyne 1 to alkene 2 requires the use of H2 and a poisoned catalyst 
to generate the cis-disubstituted alkene. In this particular case, the investigators used Ni2B (also called the P-2 
catalyst), but Lindlar’s catalyst would also be acceptable. Conversion of alkene 2 into epoxide 3 can be accomplished 
using a peroxy acid, such as MCPBA, and results in a racemic mixture of epoxide 3, because the epoxidation reaction 
can occur on either face (top or bottom) of the C=C bond. 


HO f O 
\ -— 1) Ho, Ni9B HO C7H15 
"EE 2) MCBPA bom 4 *En 
C7H15 H, H 
\ / MCPBA 
p 2x 
Ni2B 
H H 
2 
13.15. (b) We begin by redrawing the compound so that the 


(a) The allylic hydroxyl group appears in the upper right allylic hydroxyl group appears in the upper right corner. 
corner, so a Sharpless epoxidation with (+)-DET will A Sharpless epoxidation with (—)-DET will generate an 


generate an epoxide ring above the plane of the m bond, epoxide ring below the plane of the x bond, giving the 
giving the following enantiomer as the major product. following enantiomer as the major product. 
H 
}-0-0-4 OH J Jee- O—H 
ae La Oo 
Ti[OCH(CH3);]4 E CHs)ala 
(+)}-DET E 
OH 


‘ay 
wO 
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(c) We begin by redrawing the compound so that the 
allylic hydroxyl group appears in the upper right corner. 
A Sharpless epoxidation with (+)-DET will generate an 
epoxide ring above the plane of the x bond, giving the 
following enantiomer as the major product. 


NE 0-0-4 
| a Y Ti[OCH(CHs3)s]4 
HO (DET 
OH 
So 


(d) We begin by redrawing the compound so that the 
allylic hydroxyl group appears in the upper right corner. 
A Sharpless epoxidation with (—)-DET will generate an 
epoxide ring below the plane of the x bond, giving the 
following enantiomer as the major product. 


OH 
P —O-H 
TI[OCH(CH3)s14 

(--DET 
n 


13.16. 

(a) The Grignard reagent (PhMgBr) is a strong 
nucleophile, and it attacks the epoxide at the less 
substituted position (because Sw2 back-side attack is 
faster at the less sterically hindered position). The 
epoxide is opened, resulting in an alkoxide ion. This 
alkoxide is then protonated during workup with aqueous 


acid. 
OH 
ZO 1) PhMgBr 
AS 2) H30* Me 


S 
© | 


H 
OX 
Q H°@-H 
ey 
Q: 
Or 


(b) Cyanide (NC) is a strong nucleophile, and it attacks 
the epoxide at the less substituted position (because Sn2 
back-side attack is faster at the less sterically hindered 
position). This opens the epoxide, resulting in an 


alkoxide ion, which is then protonated during workup 
with aqueous acid. 


1) NaCN 


d OH 
2) H30* NZ zb d 


ZO 


: | 
C So 
rf £ M 
N a? H^Ó'H 

CY 
Me 


(c) MeS is a very strong nucleophile, and it attacks the 
epoxide at the less substituted position (because Sn2 
back-side attack is faster at the less sterically hindered 
position). This opens the epoxide, resulting in an 
alkoxide ion, which is then protonated during workup 


with aqueous acid. 
OH 
Mes ^^ 
Me 
2 
Ne So 
M oF “OH 
e 
Me 


crO 1) NaSMe 
2) H30* 


(d) LIAIH; is a source of nucleophilic hydride (H^), and 
it attacks the epoxide at the less substituted position 
(because Sn2 back-side attack is faster at the less 
sterically hindered position). This opens the epoxide, 
resulting in an alkoxide ion, which is then protonated 
during workup with aqueous acid. Note that the product 
no longer has a chiral center. 


Zo 1) LIAIH4 = es 
ZAS 2) H30* 
Me ) H3O 
h 
H-A5H 


[9] oe 

(0) Q: 

H ilr d - bé 
Me 


(e) EtO' is a strong nucleophile, and it attacks the 
epoxide at the less substituted position (because Sn2 
back-side attack is faster at the less sterically hindered 
position). Note that the chiral center does not participate 
in the reaction and therefore does not experience an 
inversion of configuration. The resulting alkoxide ion is 
then protonated during workup with aqueous acid. 


Et OEt 


(f) LIAIH4 is a source of nucleophilic hydride (H^), and it 
attacks the epoxide at the less substituted position 
(because Sn2 back-side attack is faster at the less 
sterically hindered position). That position is a chiral 
center in the starting material, but in the product, it is no 
longer a chiral center. So even though the mechanism 
proceeds with back-side attack, there will not be an 
observable inversion of configuration at that location. 
The resulting alkoxide ion is then protonated during 
workup with aqueous acid. 


OH 


as AY LIAIH, Ue e 
pif AN 3 2) HO" ^ oe s 
Et ee 


i A H 
H-AEH F 
* ES is H 
:O: H 
| Sas Me 
Ph" 
Et H 


13.17. The reagent, lithium acetylide, has a C-Li bond. 
Since carbon is more electronegative than lithium, there 
is a partial negative (6—) charge on the carbon atom. The 
difference in electronegativity is significant (carbon — 
2.5 and lithium = 1.0), so the bond is sufficiently polar 
that it can be treated as ionic: 


òt ó- 
Li— == canbe treated as Li? 9 


With this analysis, we can see the similarity between an 
organolithium reagent and a Grignard reagent (both are 
organometallic compounds, and both have similar 
reactivities). With negative character on the carbon 
atom, lithium acetylide is a strong nucleophile that will 
attack the less substituted side of the epoxide 
(highlighted below), because an Sn2 process will be 
faster at the less sterically hindered position. The less 
substituted side of the epoxide is not a chiral center, so 
even though the mechanism proceeds with back-side 
attack, there will not be an observable inversion of 
configuration at that location. The more substituted side 
will retain its original configuration since there are no 
bonds being made or broken at that position. 
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The resulting alkoxide ion is then protonated upon 
treatment with aqueous acid, to give the following 
alcohol (compound 2): 


Compound 2 
C5H0 


13.18. 

(a) Under acidic conditions, the epoxide is protonated, 
thereby generating a very powerful electrophile (a 
protonated epoxide). Since the starting epoxide is 
symmetrical, regiochemistry is not a concern in this case. 
That is, the nucleophile can attack the epoxide at either 
position, giving the same product either way. 
Stereochemistry is also not an issue in this case, because 
the product does not contain any chiral centers. 


eh HCI HO 


N Cl 


(b) Under acidic conditions, the epoxide is protonated, 
thereby generating a very powerful electrophile (a 
protonated epoxide). To determine where the 
nucleophile (bromide) attacks, we must decide whether 
steric or electronic effects dominate. In this case, one 
position (left) is primary and the other position (right) is 
secondary. Under these conditions, steric effects will 
dominate, and the attack is expected to occur at the less 
substituted position. The position being attacked is not a 
chiral center. There is an existing chiral center, but that 
center is not attacked, so we do not expect the 
configuration of that chiral center to change. 
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(c) Under acidic conditions, the epoxide is protonated, 
thereby generating a very powerful electrophile (a 
protonated epoxide). Ethanol (EtOH) is a weak 
nucleophile, and we must decide which position will be 
attacked. In this case, one position (left) is tertiary, and 
the other position (right) is secondary. When the 
competition is between a secondary position and a 
tertiary position, electronic factors dominate and the 
tertiary position is attacked (because the more substituted 
position has more partial positive character). Back-side 
attack (SN2) causes inversion of configuration at the 
chiral center being attacked. Finally, a proton is 
removed (the most likely base is the solvent, ethanol). 


Et Me EtOH | X"H 
EtO Me 


H AH z 

\ Qe EtOH 
Et n 

A Ac. If, 

yey KY" Sony 


(d) Under acidic conditions, the epoxide is protonated, 
thereby generating a very powerful electrophile (a 
protonated epoxide). Water (H20) is a weak 
nucleophile, and we must decide which position will be 
attacked. In this case, one position (left) is tertiary, and 
the other position (right) is secondary. When the 
competition is between a secondary position and a 
tertiary position, electronic factors dominate and the 
tertiary position is attacked (because the more substituted 
position has more partial positive character). Back-side 
attack (SN2) causes inversion of configuration at the 
chiral center being attacked. Finally, a proton is 
removed (the most likely base is the solvent, water). 


KC) es. OL 
Cy Y [H2SO4] La v 
————- 


x e t 
JX [H2504] Mes] ( 
Me"" "nH H3O Ag 
Et Me : HO Me 


(e) Under acidic conditions, the epoxide is protonated, 
thereby generating a very powerful electrophile (a 
protonated epoxide). Methanol (CH3OH) is a weak 
nucleophile, and we must decide which position will be 
attacked. In this case, one position (left) is tertiary, and 
the other position (right) is secondary. When the 
competition is between a secondary position and a 
tertiary position, electronic factors dominate and the 
tertiary position is attacked (because the more substituted 
position has more partial positive character). The 
position being attacked is not a chiral center. There is an 
existing chiral center, but that center is not attacked, so 
we do not expect the configuration of that chiral center to 
change. Finally, a proton is removed (the most likely 
base is the solvent, methanol). 


» [H504] — 
“MeOH . wae 
7 Me 
A 
E X [ie 
Me 


pe 
VU VI 


Me Me vis Me— ev Me 


(f) Under acidic conditions, the epoxide is protonated, 
thereby generating a very powerful electrophile (a 
protonated epoxide). Bromide is a nucleophile, and we 
must decide which position will be attacked. In this 
case, one position (left) is tertiary, and the other position 
(right) is secondary. When the competition is between a 
secondary position and a tertiary position, electronic 
factors dominate and the tertiary position is attacked 
(because the more substituted position has more partial 
positive character). Back-side attack (SwN2) causes 
inversion of configuration at the chiral center being 
attacked. 
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13.19. In this acid-catalyzed reaction, we expect the nucleophile (H20) to attack the more substituted (tertiary) position 
of the protonated epoxide (because the more substituted position has more partial positive character). The Sn2 back- 
side attack would result in inversion of stereochemistry, but this is not a chiral center so no stereochemistry needs to be 
shown at the position where the Sn2 attack occurred. The existing chiral center of the epoxide retains its configuration 


in the diol product. 


Proton transfer 
TA 
H—0® 
XN 
H 


configuration 
is retained 


Proton transfer 


not a chiral center => 4. — OH 


The regiochemical outcome of the ring-opening reaction is determined at the Sn2 step of the mechanism, so let's look 
closely at that step. Since the nucleophile (water) attacks the more substituted position in this acid-catalyzed reaction, 
the labeled oxygen of the epoxide remains attached to the less-substituted position, as shown here: 


13.20. 

(a) The desired thiol can be prepared by treating an 
appropriate alkyl halide (shown below) with sodium 
hydrosulfide (NaSH), to give an Sn2 reaction. 


Cys Cyr^w 


(b) The desired thiol can be prepared by treating an 
appropriate alkyl halide (shown below) with sodium 
hydrosulfide (NaSH), to give an Sn2 reaction. 


cr * 
(c) The desired thiol can be prepared by treating an 
appropriate alkyl halide (shown) with sodium 


hydrosulfide (NaSH), to give an Sn2 reaction. Notice 
that inversion of configuration is expected, so the 


NaSH 


NaSH 


starting alkyl halide must have the 
configuration as the desired product. 


opposite 


SH 


13.21. 


(a) Treating a thiol with sodium hydroxide results in 
deprotonation of the thiol to give a thiolate ion (RS). 
This thiolate ion is a very strong nucleophile, and it will 
attack a primary alkyl halide to give an Sn2 reaction. 


The product is a sulfide. 


"lu" 
M 


NaSH 


1) NaOH 
2) Bir 


- 


(b) A secondary alkyl bromide will serve as a substrate 
(electrophile) in an Sn2 reaction, upon treatment with a 
thiolate ion (EtS"). The reaction occurs at a chiral center, 
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so we expect inversion of configuration, which is 
characteristic of Sn2 processes. 


282 ~™~SsNa = ad 
REL 


(c) A sulfide is oxidized to give a sulfoxide upon 
treatment with sodium meta-periodate. This oxidizing 
agent does not further oxidize the sulfoxide (the sulfone 
is not obtained). 


PRSE 


(d) A sulfide is oxidized all the way to a sulfone upon 
treatment with two equivalents of hydrogen peroxide. 
The first equivalent is responsible for oxidizing the 
sulfide to a sulfoxide, and the second equivalent oxidizes 
the sulfoxide to a sulfone. 


ge 8.26 


13.22. 

(a) The desired product can be made from an epoxide, 
which can be made from the starting alkene, as 
illustrated in the following retrosynthetic analysis: 


X SA DTA 


Now let’s consider the reagents necessary for each step 
of the synthesis. First, the alkene must be converted into 
an epoxide, which can be achieved upon treatment with a 
peroxy acid (such as MCPBA). Notice that the resulting 
epoxide contains one chiral center. Since the epoxide 
can form on either face of the mx bond with equal 
likelihood, we expect a racemic mixture of the epoxide. 
Basic conditions are required (NaCN, rather than HCN) 
during the ring opening step, in order to ensure that the 
nucleophile (cyanide) attacks the less substituted 
position. If acidic conditions were employed (HCN), the 
nucleophile (cyanide) would attack the more substituted 


position. 
1) MCPBA RN 
— HO 
2) NaCN 
3) H5O* : 
(racemic) 
MCPBA Q 1) NaCN 
2) H3O* 
(racemic) 


(b) The desired trans-diol can be made from an epoxide, 
which can be made from the corresponding alkene. 


OH 
O 
awn OH 
—> —> 


And the alkene can be prepared in two steps from the 
starting material. 


C=0=0 


Now let’s consider the reagents necessary for each step 
of the synthesis, going forward. The starting material has 
no functional group, so one must be installed, which can 
be achieved via radical bromination. The resulting alkyl 
bromide is a secondary substrate, and treatment with a 
strong base will give an alkene via an E2 process. 
Treatment of the alkene with a peroxy acid (such as 
MCPBA) gives an epoxide, which can then be opened 
either under aqueous acidic conditions or under aqueous 
basic conditions to give the desired trans-diol. 


OH 
C . 2NeORt NaOEt LM 


^ 3)MCPBA MCPBA 
4) H3O* 
| Bro, hv eg Sus 1) NaOH 
3 2) H20 
Qo 


NaOEt 


C3 MCPBA / 


1) Bro, hv 


(c) The desired product can be made from an epoxide, 
which can be made from the starting alkene, as 
illustrated in the following retrosynthetic analysis: 


OH 


nAi sme — AX] 
u 


ANS 


Now let’s consider the reagents necessary for each step 
of the synthesis. First, the alkene must be converted into 
an epoxide, which can be achieved upon treatment with a 
peroxy acid (such as MCPBA). Notice that the resulting 
epoxide contains one chiral center. Since the epoxide 
can form on either face of the x bond with equal 
likelihood, we expect a racemic mixture of the epoxide. 
NaSMe must be used as the reagent (rather than MeSH 
and sulfuric acid) during the ring opening step, in order 
to ensure that the nucleophile (MeS) attacks the less 
substituted position. 
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ane = Boe Re TR peu 
SNC T2) [H2504], 


^2)NaSMe 


2 H4O* (racemic) H2S (racemic) 
MCPBA Pw 1) NaSMe MCPBA pw [H2S04] 
2) HaO* H2S 
(racemic) (racemic) 
(d) The desired product can be made from an epoxide, (e) The desired product (a ketone) can be made via 
which can be made from the starting alkene, as oxidation of a secondary alcohol, which can be made 
illustrated in the following retrosynthetic analysis: from the starting epoxide, as illustrated in the following 


retrosynthetic analysis: 


com ES ^ PE Ed 


| Now let’s consider the reagents necessary for each step 
ee of the synthesis. First, the epoxide must be converted 
into an alcohol, which can be achieved upon treatment 
with LiAIH4, followed by water workup. The resulting 
Now let’s consider the reagents necessary for each step alcohol is then oxidized to give the desired ketone. 
of the synthesis. First, the alkene must be converted into 
an epoxide, which can be achieved upon treatment with a 1) LiAIH4 O 
peroxy acid (such as MCPBA). Notice that the resulting P 2) H30* 2048 lli: 
epoxide contains one chiral center. Since the epoxide 3) Na2Cr20; 
can form on either face of the mx bond with equal (racemic) H5SO4, H20 
likelihood, we expect a racemic mixture of the epoxide. 
Acidic conditions are required (HoS and sulfuric acid, 1) LiAIH, OH NasCrsO> 
rather than NaSH) during the ring opening step, in order 2) HOF we 
to ensure that the nucleophile (H2S) attacks the more $ : H2504, H20 
substituted position. (racemic) 


13.23. We always approach a synthesis problem by asking two questions. 

1) Is there a change in the carbon skeleton? Yes, there is one more carbon atom in the product than in the starting 
material. 

2) Is there a change in the functional group(s)? Yes, the starting material has an epoxide that is missing in the product. 
The product has two new functional groups, a ketone and a nitrile. 


TIPS OCH 
TIPS OCH N 3 
NS 
“1, SS 
o © 


From a retrosynthetic perspective, the product ketone can be made via oxidation of a secondary alcohol, which can be 
made by opening the starting epoxide with a cyanide nucleophile: 


TIPS OCH TIPS OCH 
SE 3 ^V 3 TIPS OCH 
M 3 
Sn Z Sn 7) 
^ [9] 
[9] OH 


Let's write out the steps in the forward direction. The epoxide-opening requires a strong nucleophile to achieve the 
desired regiochemistry (the less hindered position must be attacked). Use of NaCN, followed by workup to protonate 
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the resulting alkoxide, accomplishes this and forms a new carbon-carbon bond in the process. 


Oxidation of the 


secondary alcohol to a ketone can be accomplished by a variety of reagents; one such option is shown below: 


TIPS OCH 
TIPS OCH 1) NaCN NxN 3 
BY 3 
SLE. 2) HO* N 
^. 9)»Pc6 å - 
d 3) PCC SEN 


TIPS. 
) NaCN 
z H30* 


13.24, 

(a) A retrosynthetic analysis of the target molecule 
reveals that the required disconnection is not at the a 
position, but one bond farther away from the hydroxyl 
group. Therefore, the required disconnection leads to a 


Grignard reagent nucleophile and an epoxide 
electrophile. 
OH 3-) MgBr 
$ do A 
Nucleophile Electrophile 


Now let's draw the forward process. The desired 
transformation can be achieved by converting the 
starting alkyl halide into a Grignard reagent, and then 
treating the Grignard reagent with an epoxide (followed 


by aqueous workup). 
r4 Br € 


(b) A retrosynthetic analysis of the target molecule 
reveals that the required disconnection is at the a 
position. Therefore, the required disconnection leads to a 


Grignard reagent nucleophile and an aldehyde 
electrophile. 
OH 
2 8- , MgBr O 
=> Cr T A 
Nucleophile Electrophile 


Now let's draw the forward process. The desired 
transformation can be achieved by converting the 


NS 


starting alkyl halide into a Grignard reagent, and then 
treating the Grignard reagent with an aldehyde (followed 
by aqueous workup). 


oa 


(c) A retrosynthetic analysis of the target molecule 
reveals that the required disconnection is not at the a 
position, but one bond farther away from the hydroxyl 
group. Therefore, the required disconnection leads to a 


1) Mg 
[e 
P% 


3) H30* 


OH 


Grignard reagent nucleophile and an epoxide 
electrophile. 
a ~OH s-) MgBr [e] 
=> br + "mw 
Nucleophile Electrophile 


Now lets draw the forward process. The desired 
transformation can be achieved by converting the 
starting alkyl halide into a Grignard reagent, and then 
treating the Grignard reagent with an epoxide (followed 
by aqueous workup). 


1) Mg 


Br 2) D 
rr 
E 3) HO* 

(d) The target molecule has four additional carbon 
atoms, so the synthesis requires a C-C bond-forming 
reaction. The retrosynthetic analysis of the target 
molecule asks, “What reaction have we seen that 
produces a ketone product?" The ketone can be prepared 
by oxidation of the corresponding alcohol, and the 
alcohol is suitable for making the required C-C bond 
disconnection (at the o. position). Therefore, the required 


disconnection leads to a Grignard reagent nucleophile 
and an aldehyde electrophile. 


| 


oO 
3-) MgBr 
Cy i à . 


Nucleophile Electrophile 
Now let's draw the forward process. The desired 
transformation can be achieved by converting the 
starting alkyl halide into a Grignard reagent, treating the 
Grignard reagent with an aldehyde (followed by aqueous 
workup) to give an alcohol, and then oxidizing the 
alcohol to a ketone. 


1) Mg 


Br 2) H 
3) H30* 
4) Na;Cr207 
H5SO4, H20 
NasCrs07 
H2504, H2O 


OH 


(e) The target molecule has two additional carbon 
atoms, so the synthesis requires a C—C bond-forming 
reaction. The retrosynthetic analysis of the target 
molecule asks, “What reaction have we seen that 
produces an alkyl chloride product?" The chloride can be 
prepared by substitution of the corresponding alcohol, 
and the alcohol is suitable for making the required C-C 
bond disconnection. In this case, the disconnection is not 
at the a position, but one bond farther away from the 
hydroxyl group. Therefore, the required disconnection 
leads to a Grignard reagent nucleophile and an epoxide 
electrophile. 


8- , MgCl Oo 
op BS 


Nucleophile Electrophile 
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Now lets draw the forward process. The desired 
transformation can be achieved by converting the 
starting aryl halide into a Grignard reagent, treating the 
Grignard reagent with an epoxide (followed by aqueous 
workup), and then converting the resulting alcohol into 
an alkyl chloride (via an Sn2 process). 


Cl 
Oa oT 
O 

2 /N 

3) H4O* 

4) SOCL, pyridine 

) 2, pyridi SOC, 

py 


(f) The target molecule has two additional carbon atoms, 
so the synthesis requires a C-C bond-forming reaction. 
The retrosynthetic analysis of the target molecule asks, 
“What reaction have we seen that produces an alkyl 
chloride product?” The chloride can be prepared by 
substitution of the corresponding alcohol, and the alcohol 
is suitable for making the required C-C bond 
disconnection (at the a position). Therefore, the required 
disconnection leads to a Grignard reagent nucleophile 
and an aldehyde electrophile. 


& MgCl 0 
oup. 
CY H ët 


Nucleophile Electrophile 


Now let’s draw the forward process. The desired 
transformation can be achieved by converting the 
starting aryl halide into a Grignard reagent, treating the 
Grignard reagent with an aldehyde (followed by aqueous 
workup), and then converting the resulting alcohol into 
an alkyl chloride (via an Sn2 process). 


iu 


[rus € XA 


4) SOCI;, pyridine 


CI 


SOCI, 
[6] 

py 
OH 
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(g) A retrosynthetic analysis of the target molecule 
reveals that the required disconnection is not at the a 
position, but one bond farther away from the hydroxyl 
group. Therefore, the required disconnection leads to a 


Grignard reagent nucleophile and an epoxide 
electrophile. 
a , OH 3-) MgCl Q 
b+ 
Nucleophile Electrophile 


Now let’s draw the forward process. The desired 
transformation can be achieved by converting the 
starting alkyl halide into a Grignard reagent, and then 
treating the Grignard reagent with the appropriate 
epoxide (followed by aqueous workup). 


ndn dcs 


3) H4O0* 
(h) A retrosynthetic analysis of the target molecule 
reveals that the required disconnection is not at the a 
position, but one bond farther away from the hydroxyl 
group. Therefore, the required disconnection leads to a 
Grignard reagent nucleophile and an epoxide 


electrophile. 
[9] 
o, , OH 8-, MgBr (5 
oe 
Nucleophile 


The required epoxide has the same carbon skeleton as 
the given alkene starting material and can be prepared 
from the alkene by epoxidation. 


O 
eae 
Now let’s draw the forward process. The desired 


transformation can be achieved by first converting the 
alkene into an epoxide (upon treatment with a peroxy 


Electrophile 


acid, such as MCPBA), and then attacking the epoxide 
with a Grignard reagent (followed by aqueous acidic 
2) PhMgBr 


workup), as shown here: 
OX 
3) H3O* 
o 1) PhMgBr 
MCPBA pa 2) H3O* 


(i) A retrosynthetic analysis of the target molecule 
reveals that the required disconnection is not at the a 
position, but one bond farther away from the hydroxyl 
group. Therefore, the required disconnection leads to a 
Grignard reagent nucleophile and an  epoxide 
electrophile. 


BS 1) MCPBA 


OH 


, 


BrM 
Cy. 


Electrophile Nucleophile 


Now let’s draw the forward process. The desired 
transformation can be achieved by first converting the 
alkene into an epoxide (upon treatment with a peroxy 
acid, such as MCPBA), and then attacking the epoxide 
with a Grignard reagent (followed by aqueous acidic 


workup), as shown here: 
2) CHSCH;CHaMgBr 


3) H3O* 
MCPBA 2 CH3CH2CH2MgBr 
cf 2) H30* 


OH 
1} MCPBA 
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13.25. A Grignard reagent with four carbon atoms is reacting with compound 2 to give compound 3 (which has eleven 
carbon atoms in the longest chain). Therefore, compound 2 must have seven carbon atoms in the longest chain. 
Additionally, the four-carbon chain is installed on the carbon atom that is adjacent to the carbon atom bearing the 
hydroxyl (OH) group (not attached to the alpha carbon); this is consistent with a reaction between a Grignard reagent 
and an epoxide. The configurations of the chiral centers in compounds 2 and 3 will remain the same, since these carbon 
atoms are not undergoing bond-making or bond-breaking. 


OBn OBn 
1 
m^ R F, ——}—> ME OP s —€— ÀÀ 
22 4 6 OV 2 4 6 
OH 
3 2 


Now that we have drawn the structure of compound 2, we need to provide mechanisms for each step of this overall 
transformation. Let's start with the conversion of compound 1 to compound 2: 


OBn OBn 
aum e — 
LAU ee `> Z 
z [en 
OH 1 2 


Recall that NaH is a strong, non-nucleophilic base. The mechanism begins with a proton transfer, as NaH deprotonates 
the alcohol. This is followed by an intramolecular SN2-type reaction in which the tosylate group is the leaving group 
(this is an intramolecular Williamson ether synthesis). Note that the configuration at the alcohol carbon atom is 
unaffected in this reaction because no bonds are being made or broken with that carbon atom. 


OBn OBn OBn 
"ol — —- 150 t - —- ov 
02 :0: 2 
Hsc cuo 1b 


Now, let's consider the conversion of compound 2 to compound 3: 


OBn daB OBn 
1 ger 
5 2) HO* : 
g 2 OH 3 


Recall that the Grignard reagent is characterized by a C-Mg bond that is very polar, and can be treated as an ionic bond. 
This carbanion is a strong nucleophile that attacks the less substituted carbon atom of the epoxide to form a new 
carbon-carbon bond and an alkoxide ion. Subsequent protonation of the alkoxide with aqueous acid produces an 
alcohol as the product. Note that the configuration at the more substituted carbon atom of the epoxide is unaffected in 
this reaction because no bonds are being made or broken with that carbon atom. 
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13.26. 

(a) The oxygen atom has two groups attached to it. The 
parent is named after the larger group (cyclohexane). 
The smaller group (together with the oxygen atom) is 
treated as an ethoxy substituent. Locants are used to 
identify the positions of the ethoxy group and of the 
methyl group, with ethoxy being assigned the lower 
number because it comes first alphabetically. The 
compound has two chiral centers, each of which is 
assigned a configuration in the beginning of the name, 


placed in parentheses. 


(1S, 2S)-1-Ethoxy-2-methylcyclohexane 


(b) The oxygen atom has two groups attached to it. One 
group has two carbon atoms and the other group has four 
carbon atoms. The parent is named after the larger 
group, so the parent is butane. The smaller group 
(together with the oxygen atom) is treated as an ethoxy 
substituent, and a locant (2) is included to identify the 
location of the substituent on the parent chain. The 
configuration of the chiral center is indicated at the 
beginning of the name, placed in parentheses. 


An 


(R)-2-Ethoxybutane 


(c) The compound is named in the same way that we 
would name an alcohol (if the SH group were an OH 
group), except that the term “thiol” is used in the suffix 
of the name, without dropping the “e” of the alkane 
name. In this case, the parent is hexane, and the location 
of the SH group is at C3, which must be indicated with a 
locant. The configuration of the chiral center is indicated 
at the beginning of the name, placed in parentheses. 


SH 


P 


(S)-3-Hexanethiol 
or 
(S)-Hexane-3-thiol 


(d) This compound is a sulfoxide (S=O group) with an 
ethyl group and an n-propyl group. The groups are 
alphabetized in the name, so ethyl precedes propyl. 


f 
Sere 
Ethyl n-propyl sulfoxide 
(e) The oxygen atom has two groups attached to it. The 


parent is named after the carbon chain containing a 
functional group. In this case, the parent is pentene (an 


alkene), and the smaller group (together with the oxygen 
atom) is treated as an ethoxy substituent. 


Substituents 
3], Oo l 
5 € NZ 


1 


Locants are used to identify the positions of the ethoxy 
group and of the methyl group. The configuration of the 
alkene is indicated in the beginning of the name, placed 
in parentheses. 


es ee 


(E)-2-Ethoxy-3-methyl-2-pentene 
or 
(E)-2-Ethoxy-3-methylpent-2-ene 


(f) The parent is benzene, and the two methoxy groups 
are treated as substituents. Locants are used to indicate 
the relative placement of the methoxy groups on the ring. 


1,2-Dimethoxybenzene 


Alternatively, the parent can be named as anisole (the 
common name for methoxybenzene), in which case the 
compound would be called 2-methoxyanisole. Both of 
these names are acceptable IUPAC names. 


(g) This compound is a sulfide (R-S-R), and it is named 
very much like an ether. The sulfur atom is connected to 
two groups, ethyl and n-propyl, which are arranged 
alphabetically in the name. 


ANNA 


Ethyl n-propyl sulfide 


13.27. 
(a) The oxygen atom is connected to two carbon atoms, 
each of which is sp? hybridized (highlighted). Therefore, 
each of the C—O bonds is cleaved, giving two alkyl 
bromides. 

+ CH3Br 


Ov Br 
+ H20 


(b) The oxygen atom is connected to two carbon atoms, 
but only one of them is sp? hybridized (highlighted). 


xs HBr 


— 


Therefore, only one C—O bond is cleaved. The other 
C-O bond (where the C is sp? hybridized) is not cleaved, 
because the sp?-hybridized substrate is not suitable for 
either an Snl or Sn2 mechanism. The products are 
phenol and methyl bromide. 


xs 
Ov OH 
HBr 
—- + CH3Br 


(c) The oxygen atom is connected to two carbon atoms, 
each of which is sp? hybridized (highlighted). Therefore, 
each of the C-O bonds is cleaved, giving two 


equivalents of 2-bromopropane. 
2 8 + H;O 


JA. à. 


(d) The oxygen atom is connected to two carbon atoms, 
each of which is sp? hybridized (highlighted). Therefore, 
each of the C—O bonds is cleaved. As a result, the ring is 
opened, giving a dibromide, as shown. 


xs HBr 


— 


5 xs Br 
HBr BI im Br 
+ H20 


13.28. Ethers have the following structure: 


Ov 
RIOR 


We are looking for ethers with the molecular formula 
C4H100, which means that the four carbon atoms must be 
contained in the two R groups of the ether. One 
possibility is that each R group has two carbon atoms. 


NON 
ethoxyethane 
(diethyl ether) 


Alternatively, one R group can have three carbon atoms 
and the other R group can have one carbon atom. The R 
group containing three carbon atoms can either be an n- 
propyl group or an isopropyl group, giving the following 


two additional isomers: 
dd 


2-methoxypropane 
(isopropyl methyl ether) 


PN UN 
1-methoxypropane 
(methyl n-propyl ether) 


CHAPTER 13 535 


In total, there are three constitutionally isomeric ethers 
with the molecular formula C4H100. 


13.29. 

(a) The desired transformation involves addition of H 
and OEt across a m bond. This can be achieved via 
alkoxymercuration-demercuration, where EtOH is used 


as the alcohol during the first step: 
Q oa 


Alternatively, cyclohexene can be treated with dilute 
sulfuric acid to give cyclohexanol, which can then be 
used in a Williamson ether synthesis, together with ethyl 


iodide, to give the desired product: 
Q cic 


(b) The desired transformation involves an anti addition 
of OH and OMe across a x bond. This can be achieved 
by converting cyclohexene into an epoxide (upon 
treatment with a peroxy acid such as MCPBA), followed 
by a ring opening reaction. The second step of this 
process (opening the ring) can be performed under either 
acidic conditions or basic conditions. 


Q 


MCPBA 


1) Hg(OAc)s, EtOH 
2) NaBH, 


1) Dilute H204 
2) NaH 
3) Et 


1) MCPBA 
a oH 
2) MeOH, [H2801] 


meso 


(c) The desired transformation involves addition of H 
and OR across a x bond. This can be achieved via 
alkoxymercuration-demercuration, where (CH3)3COH is 
used as the alcohol during the first step. 


e 


HO 


o 
1) Ha(OAcy,, ji. Cy xe 


2) NaBH4 
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13.30. H., ^H 
(a) The oxygen atoms are connected to four carbon (0) 

atoms, each of which is sp? hybridized (highlighted). xs HI 
There are four C—O bonds, and each of them is cleaved 

under acidic conditions and replaced with a C-I bond, e H^ ^u 
giving two moles of compound A and two moles of 


water. 
Compound A Compound À 


(b) As seen in part (a), two moles of compound A are 
produced for every one mole of 1,4-dioxane. 


(c) Each of the C—O bonds is cleaved via a two-step process: (1) protonation of the oxygen atom to make a good 
leaving group (an oxonium ion), and (ii) an Sn2 reaction, in which iodide functions as a nucleophile and attacks the 
primary substrate. Each of these two steps requires two curved arrows, as shown. Since there are four C—O bonds that 
undergo cleavage, our mechanism will have a total of eight steps, where each step utilizes two curved arrows, as 
shown. 


CENE AC P N on 


= QU Cr — el 


N H 
H—I 
I 
H.O men T f 
od - H20 ; 
H 


13.31. In the presence of an acid catalyst, an OH group is protonated to give an oxonium ion, thereby converting a bad 
leaving group into a good leaving group. Then, the other OH group (that was not protonated) functions as a 
nucleophilic center in an SNn2-type process, forming a ring. Finally, deprotonation gives the product. Notice that water 
(not hydroxide) functions as the base in the deprotonation step (because there is virtually no hydroxide present in acidic 


conditions). 
= H2SO4 
NN OH 
HO = 


13.32. In the presence of an acid catalyst, an OH group is protonated to give an oxonium ion, thereby converting a bad 
leaving group into a good leaving group. Then, one molecule of the diol (that was not yet protonated) can function as a 
nucleophile and attack the oxonium ion in an Sn2 process, expelling water as a leaving group. The resulting oxonium 
ion is then deprotonated. The previous three steps are then repeated (protonate, intramolecular back-side attack, and 
then deprotonate), giving the cyclic product. Notice that each of the deprotonation steps is shown with water 
functioning as the base (not hydroxide), because there is virtually no hydroxide present in acidic conditions. 
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ZOX 
H `H 
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s Hy OH 
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o JOX Sos H 
| 
eur S ose EC 
: ` HO (7o HH 


13.33. Ethylene oxide has a high degree of ring strain, 
and readily functions as an electrophile in an Sn2 
reaction. The reaction opens the ring and alleviates the 
ring strain. Oxetane has less ring strain and is, therefore, 
less reactive as an electrophile towards Sn2. The 
reaction can still occur, albeit at a slower rate, to 
alleviate the ring strain associated with the four- 
membered ring. THF has almost no ring strain and does 
not function as an electrophile in an Sn2 reaction. You 
might recall that THF is used as a polar aprotic solvent. 
The stability and low reactivity of THF contribute to 
making it suitable as a solvent. 


13.34. Acetylene undergoes alkylation when treated 
with a strong base (such as NaNH?) followed by methyl 
iodide. This process is then repeated to install a second 
methyl group, giving 2-butyne. This alkyne can be 
reduced either via hydrogenation with a poisoned 
catalyst to give a cis alkene, or via a dissolving metal 
reduction to give a trans alkene. Treatment of these 
alkenes with a peroxy acid (such as MCPBA) gives the 
epoxides shown. 


we 
LZ DNaNH p 
Zt 2) Mel a 
1) NaNH? 
2) Mel 
i Ho, A. Na, e 
Lindlars ^ NH3 
cat. 
[vcro [coss 
e i 


(meso) * Enantiomer 


13.35. This transformation represents an intramolecular 
Williamson ether synthesis. Upon treatment with NaH 
(a strong base), the hydroxyl proton is removed, giving 
an alkoxide ion. This alkoxide ion (nucleophile) is 
tethered to an electrophilic carbon atom bearing a 


leaving group (bromide), so an intramolecular, SN2-type 
process can occur, forming the cyclic ether product 
shown here. 


13.36. 

(a) Acetylene can be treated with NaNH2 followed by 
PhCHoBr to install a benzyl group (PhCH2). This 
process is then repeated (with methyl iodide as the alkyl 
halide) to install a methyl group. These two alkylation 
processes could also be performed in reverse order (with 
installation. of the methyl group first, followed by 
installation of the benzyl group). The resulting internal 
alkyne can then be reduced via hydrogenation with a 
poisoned catalyst to give a cis alkene, which gives the 
desired epoxide (with cis alkyl groups) upon treatment 
with a peroxy acid, such as MCPBA. 


1) NaNH; [e 
2) PhCH>Br JEN 
3) NaNH> Ph Me 
4)NaNH, 9 Mel 
2) PhCH Br Lindlar's cat. MCPBA 
6) MCPBA 
B LA — 
— Ph 


1) NaNH» E. H 
2 
2) MeI e: "TA Lindlar's cat. 


538 CHAPTER 13 


(b) Acetylene can be treated with NaNH» followed by 
PhCHoBr to install a benzyl group (PhCH2). This 
process is then repeated (with ethyl iodide as the alkyl 
halide) to install an ethyl group. These two alkylation 
processes could also be performed in reverse order (with 
installation of the ethyl group first, followed by 
installation of the benzyl group). The resulting internal 
alkyne can then be reduced via a dissolving metal 
reduction to give a trans alkene, which gives the desired 
epoxide (with trans alkyl groups) upon treatment with a 
peroxy acid (such as MCPBA). 


1) NaNH; fe 
Z 2) PhCH;Br " sun os ER 
3) NaNH; 
Ph H 
4) Et! 
1) NaNH> 5) Na, NH3 
2) PhCH5Br 6) MCPBA MCPBA 
Ph oF SO 


(c) Acetylene can be treated with NaNH2 followed by 
ethyl iodide to install an ethyl group. This process is 
then repeated (with methyl iodide as the alkyl halide) to 
install a methyl group. These two alkylation processes 
could also be performed in reverse order (with 
installation of the methyl group first, followed by 
installation of the ethyl group). The resulting internal 
alkyne can then be reduced via hydrogenation with a 
poisoned catalyst to give a cis alkene, which gives the 
desired epoxide (with cis alkyl groups) upon treatment 
with a peroxy acid (such as MCPBA). 


1) NaNH; o 
Z u H \"H +En 

3) NaNH2 Et Me 
4) Mel 

1) NaNH> 5) H2 

2) EtI Lindlar's cat. MCPBA 
6) MCPBA 

Za = 
Se 


1) NaNH; : 
2: 
ide D Lindlar's cat. 
SCIT 


(d) Acetylene can be treated with NaNH2 followed by 
ethyl iodide to install the first ethyl group. This process 
is then repeated (again with ethyl iodide as the alkyl 
halide) to install the second ethyl group. Notice that two 
alkylation processes are required, even though the same 
group is being installed on both sides of acetylene. The 
reagents (NaNH» followed by ethyl iodide) will install 
only one ethyl group. So these reagents must be repeated 


to install the second ethyl group (treating acetylene with 
two equivalents of NaNHo followed by two equivalents 
of ethyl iodide will NOT produce the desired internal 
alkyne). The resulting internal alkyne can then be 
reduced via a dissolving metal reduction to give a trans 
alkene, which gives the desired epoxide (with trans alkyl 
groups) upon treatment with a peroxy acid (such as 
MCPBA). 


1) NaNH; e » 
we 2) Etl E 
Za 3) NaNH; H‘ k ! * En 
4) Etl 
TUNSNED 5 Na, NHs 
s EtI 6) MCPBA MCPBA 
BA 
ue aS RN 
1) NaNH; Na, 
2) Et P i NH3 
> Nz 
13.37. 


(a) Treating the alkene with MCPBA (a peroxy acid) 
generates an epoxide. This epoxide has one chiral 
center, so we expect a racemic mixture of enantiomers 
(epoxide formation can occur on either face of the x 
bond with equal likelihood). Then, the epoxide is treated 
with methyl magnesium bromide, a strong nucleophile, 
resulting in a ring-opening reaction. Attack occurs at the 
less substituted position, because Sn2 back-side attack is 
faster at the less sterically hindered position. The 
resulting alkoxide ion is then protonated upon treatment 
with aqueous acid to give a secondary alcohol as the 
product. Notice that the epoxide intermediate is chiral 
and would be formed as a racemic mixture, but the final 
product does not have a chiral center. 


x 1) MCPBA di 
gU Pu 2) MeMgBr oH 
3) H0* 
MCPBA 1) MeMgBr 
gre 20: 
(racemic) 


(b) The starting material is an alkene, and the reagents 
indicate an alkoxymercuration-demercuration, resulting 
in the Markovnikov addition of H and OMe across the x 
bond. One chiral center is generated in the process, so 
we expect a racemic mixture of enantiomers. 


x mdi 
OMe 


(racemic) 


1) Hg(OAc); , MeOH 
2) NaBH4 


P d 


(c) Treating the alkene with a peroxy acid generates an 
epoxide. This epoxide has one chiral center, so we 
expect a racemic mixture of enantiomers (epoxide 
formation can occur on either face of the x bond with 
equal likelihood). Then, the epoxide is treated with a 
strong nucleophile (MeS ), resulting in a ring-opening 
reaction. | Nucleophilic attack occurs at the less 
substituted position, because Sn2 back-side attack is 
faster at the less sterically hindered position. The 
resulting alkoxide ion is then protonated upon treatment 
with aqueous acid to give the product shown here. One 
chiral center is generated in the process, so we expect a 
racemic mixture of enantiomers. 


5 1) RCO3H 
Pun 2) NaSMe Nsm 
+ 
3) H30 OH 
(racemic) 
RCO3H dus 
NaSMe 
2) H307* 
€: 


(d) This reaction sequence is a Willamson ether 
synthesis. Upon treatment with sodium hydride (NaH), 
an alcohol is deprotonated to give an alkoxide ion. The 
alkoxide then functions as a nucleophile when treated 
with ethyl chloride, giving an Sn2 reaction that affords 


the following ether: 


(e) Upon treatment with sodium hydride (NaH), an 
alcohol is deprotonated to give an alkoxide ion. The 
alkoxide then functions as a nucleophile and attacks the 
epoxide, giving a ring-opening reaction. Nucleophilic 
attack occurs at the less substituted position, because Sn2 
back-side attack is faster at the less sterically hindered 
position. The resulting alkoxide ion is then protonated 
upon treatment with aqueous acid to give the following 


1) NaH 
> 
2) EtCI 


product: 

Og ee ae 
2) E 
3) H30* 


(f) Upon treatment with magnesium (Mg), the starting 
alkyl halide is converted into a Grignard reagent, which 
is a very strong nucleophile. When this Grignard reagent 
is treated with an epoxide, a ring-opening reaction 
occurs. The resulting alkoxide ion is then protonated 
upon treatment with aqueous acid to give the product 
shown: 
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13.38. 

(a) Ethyl magnesium bromide is a strong nucleophile, so 
it can attack the epoxide (an electrophile) at the less 
substituted position, giving a ring-opening reaction. The 
resulting alkoxide ion is then protonated upon treatment 
with aqueous acid to give the tertiary alcohol as the 
product. 


O 1) EtMgBr 


— 


(b) This is a Williamson ether synthesis. Sodium hydride 
is a strong base, and it will deprotonate an alcohol to 
give an alkoxide ion. This alkoxide ion will then 
function as a nucleophile when treated with a primary 
alkyl halide, giving an Sn2 reaction, as shown here: 


1) NaH 
—— 
i: 2) Etl 


4-672] a 


(c) The acetylide ion is a strong nucleophile and it will 
attack the electrophilic epoxide at the less substituted 
position, giving a ring-opening reaction. The resulting 
alkoxide ion is then protonated upon treatment with 
aqueous acid, as shown: 


OEt 


Os  4)HCZCNa He 


2) H30° 


(d) Upon treatment with a strong acid, the epoxide is 
protonated. The resulting protonated epoxide is then 
attacked by MeSH (a good nucleophile). Nucleophilic 
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attack occurs at the more substituted (tertiary) position, 
giving a ring-opening reaction. In the final step, a proton 
is removed to give the product shown: 


"o OH 
VN [H2S04] : / 
/ u MeSH Mas 
Ge 
HoH / ird 
OH 


Me $D 


(e) This is an intramolecular Williamson ether synthesis. 
Sodium hydride is a strong base, and it will deprotonate 
the alcohol to give an alkoxide ion. This nucleophilic 
alkoxide ion contains a built-in electrophilic center (alkyl 
halide), so it can undergo an intramolecular Sn2-type 
process in which a chloride ion is ejected as a leaving 


group, giving the cyclic product shown: 
Cl Ne Ae et 


NaH CJ 
© 
H we o 
PESE = 


AS OC 


(f) Hydroxide functions as a nucleophile in an Sn2 
reaction, ejecting chloride as a leaving group. The 
resulting alcohol is then deprotonated by another 
equivalent of hydroxide, giving an alkoxide ion. This 
nucleophilic alkoxide ion contains a built-in electrophilic 
center (alkyl halide), so it can undergo an intramolecular 
Sn2-type process in which a chloride ion is ejected as a 
leaving group, giving the cyclic product shown: 


"n ANO 


GA ose eS 


13.39. The starting material is a cyclic ether, in which 
the oxygen atom is connected to two carbon atoms, each 
of which is sp? hybridized (highlighted). As such, 
treatment with HBr is expected to cleave each of the 
C-O bonds and replace them with C—Br bonds, giving 
the following dibromide: 


9 7 HBr 
———— 


13.40. The starting material has six carbon atoms, and 
the product has six carbon atoms. So, the starting 
material must be some sort of cyclic ether, which opens 
to give a dibromide. By inspecting the dibromide 
product (cis-1,4-dibromocyclohexane), we can determine 
which two carbon atoms must have been connected to 


NN Bt 
Br + H20 


the oxygen atom in the starting cyclic ether 
(highlighted). 
O 


1 SABE 
2 HBr 1 
— o 
4973 un 2 
Br š 
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13.41. Ethyl magnesium bromide is a strong nucleophile, and can attack the epoxide at the less substituted position, in 
a ring-opening process, with inversion of configuration at the position that is attacked. The resulting alkoxide ion can 
then undergo an intramolecular SN2-type process, expelling a chloride ion and generating a new epoxide. This epoxide 
can be attacked once again by ethyl magnesium bromide, once again at the less substituted position, and once again 
with inversion of configuration. The resulting alkoxide ion is then protonated upon treatment with aqueous acid, to give 


the observed product. 


Tie 
So H—-C—G: 
"Me H H 
“ic 
Et j 
z Me O0 


13.42. 

(a) The starting material is an alkene, and the reagents 
indicate an alkoxymercuration-demercuration, resulting 
in the Markovnikov addition of H and OMe across the x 


bond. 


(b) The starting material is an alkene, and the reagents 
indicate an alkoxymercuration-demercuration, resulting 
in the Markovnikov addition of H and OR across the n 


bond. 
on 
Cy 1) Hg(OAc)> , 
> Ó 
2) NaBH, 


1) Ho(OAc); , MeOH 
———————— 
2) NaBH4 


13.43. 

(a) There are certainly many ways to prepare the target 
compound. The following strategy represents just one 
possible synthetic approach. 


A Aes _ 
EN 
Ao x £f 


The central two carbon atoms (C3 and C4) come from 
acetylene, and the bonds at C2-C3 and C4-C5 are formed 
via the reaction between an acetylide ion and an epoxide. 
The forward process is shown below. Notice that after 


ed 
[S 
IE 
Ft 

? Me H H 

SLO 

O: 

"Et 


the first carbon-carbon bond is formed, the resulting 
compound is an alcohol. As such, the OH group must be 
protected before treating the terminal alkyne with a 
strong base (a strong base would simply deprotonate the 
alcohol, rather than the alkyne, if the OH group were not 
protected). The protecting group can be removed at any 
point after the second carbon-carbon bond is formed. 
Finally, the desired product is obtained upon reduction of 
the alkyne via hydrogenation in the presence of a 
poisoned catalyst, to give the cis alkene. Notice that the 
synthesis would still be successful if the order of the last 
two steps was reversed. 


1) NaNH> 
O 
ds 
3) H30* 
4) TMSCI, 
EtsN HO — OH 
Ze jw MU NI 
Za 5) NaNH> 
[e 
4)NaNH, 9 ZA Ha 
E Lindlar's 
2) Q. 7) H3O cat. 
ZN 8) TBAF oF e 
3) H40* 9) Ho, OM 
Lindlar's d 
OH cat. 
YA e | TBAF 
TMSCI, OH Pp 
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(b) There are certainly many ways to prepare the target aldehyde groups (using PCC or DMP or a Swern 
compound. The following strategy represents just one oxidation). 
possible synthetic approach. 

1) NaNH5 


Oo O 
AAA 3 = 1 
H ZA Ee H 
A 4) TMSCI, duy 
J oS Na Et;N e 
VN 9 z ? — 5)NaNH; pn 


AX O 
6) /'N 

3) m x luta. cis Sen 
7) H30 


a 


The central two carbon atoms (C3 and C4) come from 9H ans 

acetylene, and the bonds at C2-C3 and C4-C5 are formed g 10) AM a 

via the reaction between an acetylide ion and an epoxide. TMSCI, CH „CI 5 

The forward process is shown below. Notice that after Veo OH p 
the first carbon-carbon bond is formed, the resulting d 

compound is an alcohol. As such, the OH group must be ~~ _OTMS 

protected before treating the terminal alkyne with a Z t TBAF 

strong base (a strong base would simply deprotonate the 

alcohol, rather than the alkyne, if the OH group were not 1) NaNH2 OH Paul 
protected). The protecting group can be removed after o Z 

the second carbon-carbon bond is formed (either before 2p, 

or after the hydrogenation step). Finally, the desired 3) H30* 


product is obtained via hydrogenation of the alkyne 
followed by oxidation of the primary alcohol groups to 


13.44. The following reagents can be used to achieve the desired transformations: 


canon 


1) EtMgBr 


vopea| 2) H30* _Me 


Ge dz 
O| 2 
E 
o 
zE 


) NaOEt 
4.) NaOEt 
Qv 2) H30° 
HB NOS 
1) NaH NH 1) NaH 
2) Ed )NaCN  \1) LiAIH4 OH 2) CHaI 


2 H30* 2) H30* 


13.45. Alkoxymercuration-demercuration converts the alkene into an ether, which is then cleaved into two alkyl 
halides upon treatment with excess HI: 


I 

1) Hg(OAc)2, EtOH xs HI + EH 
ESAME 

2) NaBH4 heat + H20 
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Treatment of the alkene with a peroxy acid results in an epoxide, which is a meso compound in this case: 


Q 


RCO3H 


Cp 


(meso) 


The epoxide can be opened in the presence of a variety of nucleophiles, with inversion of configuration, as shown: 


OH 
1) H—CzCNa 
2) H30* i. + En 
OH ES 
C 1) NaSEt CX PEs H 
2) H30* "we 


13.46. The correct answer is (b). The desired product is 
an ether (ROR) in which one R group is a phenyl group 
and the other R group is a tertiary alkyl group. A 
Williamson ether synthesis requires the use of an 
alkoxide ion and an alkyl halide, but the alkyl halide 
cannot be a tertiary alkyl halide or a phenyl halide. 
Therefore, this compound cannot be made via a 
Williamson ether synthesis, so options (a), (c), and (d) 
are not viable. The correct answer is option (b), which is 
an alkoxymercuration-demercuration. This process adds 
H and OPh across the alkene in a Markovnikov fashion, 
giving the desired product. 


13.47. The correct answer is (d). Acidic options are 
employed, so none of the intermediates should contain 
alkoxide ions, which are strong bases and therefore 
inconsistent with acidic conditions. So options (b) and 
(c) are not correct. Option (a) suggests an Snl 
mechanism — loss of leaving group (opening of ring), 
followed by nucleophilic attack, but epoxide ring- 
opening reactions instead proceed via an Sn2 mechanism 
(concerted, back-side attack). The correct answer (d) is 
an example of an acid-catalyzed ring-opening reaction, 
with ethanol functioning as the nucleophile that opens 
the ring. In the first step of the mechanism, the epoxide 
is protonated, just as we would expect under acidic 
conditions. Then, this protonated epoxide is attacked by 
ethanol, opening the ring, and giving the intermediate 
shown in option (d) This intermediate is then 
deprotonated by ethanol to give the product. 


13.48. The correct answer is (a). The starting material 
is an alkyl phenyl ether. The alkyl group is expected to 
be cleaved under these acidic conditions (the sp? center 
undergoing substitution is highlighted), giving an alkyl 
bromide. The other C-O bond is not cleaved, because 
the sp? hybridized substrate is not suitable for either an 
Sul or Sn2 mechanism. 


CL xs HBr Ch 
A Ok 
(@) OH Br 


13.49. The correct answer is (a). The presence of two 
adjacent functional groups is the result of a ring-opening 
reaction of an epoxide. The hydroxyl group oxygen atom 
came from an epoxide electrophile, and the ethoxy group 
came from the attacking nucleophile (ethoxide), so the 
disconnection takes place at the bond connected to the 
ethoxy group, as shown. 


was a nucleophile 
OH 


was an electrophile Electrophile 


Nucleophile 
13.50. The correct answer is (c). The Grignard reagent 
(MeMgBr) is a strong nucleophile, and it attacks the 
epoxide at the less substituted position. The epoxide is 
opened, resulting in an alkoxide ion. This alkoxide is 
then protonated upon aqueous workup. 


M 
2 4 * 2 4 
1 3 2) H30 1 3 


Note that the numbers shown above (in the product) do 
not follow IUPAC rules for numbering. Nevertheless, 
the practice of using numbers to count carbon atoms is a 
very effective tool that is being used in this case. It is 
OK to use numbers in this way, as long we are not using 
these numbers to name the product. 


544 CHAPTER 13 


13.51. The correct answer is (b). The synthesis begins 
with an acid-catalyzed dehydration to produce an alkene. 
Treating the alkene with a peroxy acid gives an epoxide. 
Finally, this epoxide undergoes a ring-opening reaction 
when treated with methyl magnesium bromide (a strong 
nucleophile that attacks the epoxide at the less 
substituted position). The resulting alkoxide ion is 
protonated upon aqueous workup to give the desired 
product. 


OH OH 


13.52. The correct answer is (d). A Williamson ether 
synthesis will be more efficient with a less sterically 
hindered substrate, since the process involves an Sn2 
reaction. Therefore, the best retrosynthesis reveals a 
secondary alkoxide and a primary alkyl halide (rather 
than a primary alkoxide and a secondary alkyl halide): 


was an electrophile 
Wok [© 
O 
mS 


was à nucleophile 


P li m 


Br 


Electrophile Nucleophile 


13.53. The correct answer is (c). Under acidic 
conditions, the epoxide is protonated, thereby generating 
a very powerful electrophile (a protonated epoxide). 
Methanol (CH3OH) is a weak nucleophile, and we must 
decide which position will be attacked. In this case, one 
position (top) is tertiary, and the other position (bottom) 
is secondary. When the competition is between a 
secondary position and a tertiary position, electronic 
factors dominate and the tertiary position is attacked 
(because the more substituted position has more partial 
positive character). Back-side attack causes inversion of 
configuration at the chiral center being attacked. Finally, 
a proton is removed (the most likely base is the solvent, 
methanol). 


©`H 3 
Me 
($7 AGH 
M V... MeOH = 
d O | H 
H OH 


13.54. Hydroxide is a strong nucleophile, and it can 
attack the epoxide at either of two locations, highlighted 


here: 
[e] 


vef en 


H Me 


Let's first consider the ring-opening reaction occurring at 
the position on the left. In the presence of water, the 
resulting alkoxide ion is protonated to give a diol: 


M 
R NaOH H e pH 
Me" LH H20 WIS 
H Me HO Me 
>) ie oy 
Ex Me :0: 
H me / 
"y 
HO Me 


This diol is a meso compound, which can be seen more 
clearly if we draw a Newman projection and then rotate 
about the central C-C bond: 


OH 
observer H Me OH Me H 
aS, = 
HO Me H Me 
OH 
HOOH Rotate 
central 
C-C bond 
Me 
alt Me 
meso 


Now let’s consider the product that is obtained if the 
ring-opening reaction occurs at the position on the right: 


O HO H 
NaOH = Me 
vef An H20 Mey 
H Me H OH 
b d 

Q-. 

:OH OPA 
:0: H 


Once again, notice that the resulting diol is a meso 
compound: 


OH 
observer HO H H Me 
aei = OX 

Me} OH Me H 

OH 

HOOH Rotate 

central 

« C-C bond 
Me H 
Me H 
meso 


In fact, this meso compound is the same meso compound 
that was obtained earlier (when the attack occurred at the 
position on the left). 


HoOH HoOH 


Me H 
Hd Me Mie ^H 


meso meso 


That is, the same product is obtained, regardless of 
which electrophilic position is attacked by hydroxide. 


13.55. We begin by drawing the structure of meso-2,3- 
epoxybutane. 
* i M 


Hydroxide is a strong nucleophile, and it can attack the 
epoxide at either of two locations, just as we saw in the 
previous problem. Let's first consider the ring-opening 
reaction occurring at the position on the left. In the 
presence of water, the resulting alkoxide ion is 
protonated by water to give a diol: 


CP NaOH = pH 


— > Meme i 
H20 "H 


HO Me 
HA/Y.H 
v 


t on 
HO Me 


If we draw a Newman projection of the diol, as we did in 
the previous problem, we will see that this diol is not a 
meso compound. 


CHAPTER 13 545 
OH 
observer Me H OH H Me 
<q ——— 3 WU H = 
HO Me H Me 
OH 
HOOH Rotate 
central 
Ox C-C bond 
H 
Ne Me 
not meso 


Now let’s consider the product that is obtained if the 
ring-opening reaction occurs at the position on the right: 


Ò HO H 
y 2 NaOH A i Me 
H™ "H H50 H“ 
Me Me Me OH 
(A 
© 
OH o 
O: H 
di u] pa Me 
Me OH 


Once again, the resulting diol is not a meso compound. 
If we compare the two possible diols, we find that they 
are non-superimposable mirror images of each other, and 
therefore, they are enantiomers: 


H OH HO H 
Mem / A ] = Me 
"i p 
HO Me Me OH 
Ne T 
B d 
Enantiomers 


13.56. There are certainly many acceptable methods for 
achieving the desired transformation. The following 
retrosynthetic analysis represents one such method. An 
explanation of each of the steps (a-f) follows. 


NaO ONa b HO OH 
\_/ => N / 
Ò o => + 
Br Br 
[9] 
| > 


em 


a. The cyclic product can be made by treating a 
dianion with a dihalide (via two successive Sn2 
reactions). 

b. The dianion can be made by treating the 
corresponding diol with two equivalents of a strong 
base (such as NaH). 


f 
a = Z 
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c. The diol can be made from an epoxide, via a ring- 
opening reaction (either under acidic conditions or 
under basic conditions). 

d. The epoxide can be made by treating the 
corresponding alkene with a peroxy acid. 

e. The dibromide can be made via bromination of the 
corresponding alkene. 

f. The alkene can be made via hydrogenation of the 
corresponding alkyne, in the presence of Lindlar’s 
catalyst. 


Now let's draw the forward scheme. Acetylene 
undergoes hydrogenation in the presence of Lindlar’s 
catalyst to afford ethylene, which can be converted to an 
epoxide upon treatment with a peroxy acid. Acid- 
catalyzed ring-opening of the epoxide gives a diol (base- 
catalyzed conditions can also be used). Treatment of the 
diol with two equivalents of a strong base, such as NaH, 
gives a dianion. The dianion will react with 1,2- 
dibromoethane (formed from bromination of ethylene) to 
give the desired cyclic product via two successive Sn2 
reactions. 


BA — O O 
H2 
Lindlar's Br. AN 
WC ai Br 
NaO 
A ona 
RCO3H 
NaH (2 eq) 
O H3O* 
HO 
Io IPRC 


13.57. There are certainly many acceptable methods for 
achieving the desired transformation. The following 
retrosynthetic analysis represents one such method. An 
explanation of each of the steps (a-d) follows. 


a. The product has two ether groups, each of which 
can be formed via a Williamson ether synthesis, 
from the dianion shown. 

b. The dianion can be made by treating the 
corresponding diol with two equivalents of a strong 
base (such as NaH). 

c. The diol can be made from an alkene, via a 
dihydroxylation process. 

d. The alkene can be made via hydrogenation of the 
corresponding alkyne, in the presence of Lindlar's 
catalyst. 


Now let's draw the forward scheme. Acetylene 
undergoes hydrogenation in the presence of Lindlar's 
catalyst to afford ethylene, which can be converted to a 
diol via a dihydroxylation process. Treatment of the diol 
with two equivalents of a strong base, such as NaH, 
gives a dianion. The dianion will react with two 
equivalents of methyl iodide giving the product (via a 
Williamson ether synthesis, twice). 


1) H5, Lindlar's cat. 
2) cat. OsO4, NMO 
> 


ZZ H3CO 
a 3) NaH (2 eq) TOSS Seo 
4) CHI (2 eq) 
| CHI 
N: (2 eq) 
indlar's 
catalyst NaO, Si 
t. OsO NaH 
E a i HO 
~  NMO oH ed 


13.58. There are certainly many acceptable methods for 
achieving the desired transformation. The following 
retrosynthetic analysis represents one such method. An 
explanation of each of the steps (a-f) follows. 


ge s OH 
gr. 

o OH ur 
A= p 

(Je 


f [e 
Wo PES 


a. The product can be made via a Williamson ether 
synthesis, by treating the alcohol shown with base 
followed by ethyl iodide. 

b. The alcohol can be made by treating a ketone with a 
Grignard reagent. 

c. The ketone can be made via oxidation of the 
corresponding secondary alcohol. 

d. The secondary alcohol can be made by treating an 
aldehyde with a Grignard reagent. 

e. The aldehyde can be made via oxidation of the 
primary corresponding primary alcohol. 

f. The alcohol can be made by treating an epoxide 
with a Grignard reagent. 


Now let's draw the forward scheme. The epoxide is 
opened with methyl magnesium bromide, followed by 
aqueous acidic workup, to give 1-propanol. 1-Propanol 
is then oxidized to an aldehyde with PCC (or with DMP, 
or with a Swern oxidation). Treating the aldehyde with a 
Grignard reagent gives a secondary alcohol. Oxidation 
of the alcohol gives a ketone, which can be treated with 
ethyl magnesium bromide to give a tertiary alcohol. This 
alcohol is then deprotonated upon treatment with a 


strong base, such as NaH. The resulting anion then 
functions as a nucleophile in an Sn2 reaction with ethyl 
iodide to give the desired product. 


1) MeMgBr 
2) H30* / 
(e) 3) PCC, o 
L^ CH2Cl2 
4) EtMgBr 
1)MeMgBr 5) H30* 1) NaH 
2) H30* 6) Na2Cr207, 2) Etl 
H2SO4, H20 
a 7) EtMgBr 
PCC ager 
CH5CI 
| 1) EtMgBr 
o 2) H30* 
Ruy O 
i Sey 
1) EtMgBr 
2) H30* OH 


13.59. 

(a) A retrosynthetic analysis of the target molecule 
reveals that the required disconnection is not at the a 
position, but one bond farther away from the hydroxyl 
group. Therefore, the required disconnection leads to a 


Grignard reagent nucleophile and an epoxide 
electrophile. 
b+ 
TOR => A " CH3 —MgBr 
OH Electrophile Nucleophile 


Now let’s draw the forward process. Treating the alkene 
with a peroxy acid (such as MCPBA) gives an epoxide. 
This epoxide undergoes a ring-opening reaction when 
treated with methyl magnesium bromide (a strong 
nucleophile), to give an alkoxide ion which is protonated 
upon treatment with aqueous acid to give the desired 


product. 
1) MCPBA 
ONE 2) MeMgBr ain S 
3) H30* OH 
MCPBA a 1) MeMgBr 
Oo 2) H30° 


(b) The following synthesis builds on the synthesis in 
the previous solution (13.59a). The product of that 
synthesis is treated with an oxidizing agent, such as 
chromic acid, to give the desired ketone: 
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1) MCPBA 
KOE 2) MeMgBr 
3) H0* [6] 
4) NasCr,0 
em rre. NaCr207 
' H2504, H20 
EE 1) MeMgBr dis 
O  2)H,0* 
) Hs ÓH 


(c) The target molecule has two additional carbon atoms, 
so the synthesis requires a C-C bond-forming reaction. 
The retrosynthetic analysis of the target molecule asks, 
“What reaction have we seen that produces an alkyl 
chloride product?" The chloride can be prepared by 
substitution of the corresponding alcohol, and the alcohol 
is suitable for making the required C-C bond 
disconnection. In this case, the disconnection is not at the 
a position, but one bond farther away from the hydroxyl 
group. Therefore, the required disconnection leads to a 
Grignard reagent nucleophile and an epoxide 
electrophile. 


NN gS Oe DO 
| 


Sa 

g 
A ac f «T 
Nucleophile Electrophile 
Now let's draw the forward process. The transformation 
can be achieved by converting the starting alkyl halide 
into a Grignard reagent, treating the Grignard reagent 
with ethylene oxide (followed by aqueous workup), and 
then converting the resulting alcohol into an alkyl 
chloride (via an Sn2 process). 


1) Mg 


IBS 
iude O Cl 
2) /N 
1) Mg 3) H30* SOCh, 
O 4) SOC, 
2N pyridine py 
3) H30* 
OH 


(d) The solution to this problem is a slight modification 
of the solution to the previous problem (13.59c). The 
only change is the structure of the epoxide: 
al 
O 


Cl 
ae m SAK 


1) Mg 3) H40* 

SOCb, 
2 P 4) SOCh, py B 
= TEN 


1) Mg 
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(e) The starting material is an alcohol and the product is 
an ether. This transformation can be achieved via a 
Williamson ether synthesis. The alcohol is first 
deprotonated with a strong base (such as NaH) to give an 
alkoxide ion, which is then treated with ethyl iodide to 
give an Sn2 reaction (with iodide serving as the leaving 


group): 
PN poo. 


(f) A retrosynthetic analysis of the target molecule 
reveals that the required disconnection is not at the a 
position, but one bond farther away from the hydroxyl 
group. Therefore, the required disconnection leads to an 
alkoxide nucleophile and an epoxide electrophile. 


(use — on d 


Nucleophile 


1} NaH 
2) Etl 


Electrophile 


Now let’s draw the forward process. The alcohol is first 
deprotonated with a strong base (such as NaH) to give an 
alkoxide ion, which is then treated with ethylene oxide to 
give a ring-opening reaction. The resulting alkoxide ion 
is protonated upon aqueous workup to give the desired 
product: 


on NaH oe 
2) 2 


3) H,0* 


(g) A retrosynthetic analysis of the ether target molecule 
by disconnection of one of the C—O bonds leads to an 
alkoxide nucleophile and an alkyl halide electrophile 
(Williamson ether synthesis). 


owas Be X [S] o [N 
E Electrophile Nucleophile 
RE. 
a b 
$us : 
Aug k Bra € 
Nucleophile Electrophile 


In this case, both possible disconnections lead to primary 
alkyl halides that are suitable for an SN2 mechanism, so 
there are two reasonable approaches to this 
transformation. To put plan a into action, the starting 
alkene first undergoes anti-Markovnikov addition of H 
and Br (HBr with peroxides). Treatment of the resulting 
alkyl bromide with sodium ethoxide produces the desired 
ether target molecule. 


1) HBr, ROOR 
un HBr ROO > 
~~" 3) NaOEt BOSE Rp 


NaOEt 
HBr, ROOR ~~ 2 
i 


For synthesis b, the starting alkene will undergo 
hydroboration-oxidation (anti-Markovnikov addition of 
H and OH) to give the primary alcohol. Deprotonation of 
this alcohol with a strong base (such as NaH) to give an 
alkoxide ion, followed by treatment with ethyl bromide 
produces the desired ether target molecule. 


1) BH: THF 

2) HyO>, NaOH 

—————— 

3) NaH BOS 6 

4) CH3CH2Br 

ii- / 1) NaH 
2) CH4CH3Br 
1) BH: THF 
3 p RA RUE 


2) H202, NaOH 


(h) A retrosynthetic analysis of the ether target molecule 
by disconnection of one of the C-O bonds leads to an 
alkoxide nucleophile and an alkyl halide electrophile 
(Williamson ether synthesis). 


(©) 
dM E 
a Br 
bd Electrophile 


dh Nucleophile 
a 
ie) 
PE Ss pa Bro 
o9 à 
Nucleophile Electrophile 


b is the better retrosynthesis 


In this case, only one disconnection (b) leads to a 
primary alkyl halide that is suitable for an Sn2 
mechanism. A synthesis using approach a would fail 
because E2 elimination would predominate in the 
reaction of a strong base (ethoxide) with a secondary 
alkyl halide: 


ze iiic BG "m 


Br 


E2 major Syn2 minor 


Now let's draw the forward process for synthesis b. The 
starting alkene will undergo acid-catalyzed hydration 
(Markovnikov addition of H and OH) to give the 
secondary alcohol. Deprotonation of this alcohol with a 
strong base (such as NaH) to give an alkoxide ion, 
followed by treatment with ethyl bromide produces the 
desired ether target molecule. 


1) dilute H2SO4 


22 d 
xN 2) NaH 5 
3) EtBr NZ 
dilute Go 1) NaH 
H5SO. 
2804 OH 2) EtBr 


(i) The following retrosynthesis illustrates the two steps 
that are required to achieve the desired transformation. 
The epoxide (target molecule) can be made from the 
corresponding alkene, which can be made from the given 


alkyne: 


A= 
Now let’s draw the forward process. Reduction of the 
alkyne in the presence of a poisoned catalyst affords an 


alkene, which is converted to the epoxide upon treatment 
with a peroxy acid (such as MCPBA). 


< 


Pd i , 
Z 1) Hz, Lindlar's catalyst E Ò 
2) MCPBA 


H2, 
Lindlar's 


cat. MCPBA 


aN 


(j) The following retrosynthesis illustrates the two steps 
that are required to achieve the desired transformation. 
The epoxide (target molecule) can be made from the 
corresponding cis-alkene, which can be made from the 
given alkyne. 


O P2 


oN LS \ aa Z 


Note that in order to achieve the desired stereochemical 
outcome, the epoxide must be prepared from the cis- 
alkene. 

Now let’s draw the forward process. Reduction of the 
alkyne in the presence of a poisoned catalyst affords a 
cis-alkene, which is converted to the desired epoxide 
upon treatment with a peroxy acid (such as MCPBA). 


Pd i , 
Z 1) Hz, Lindlar's catalyst - Ò 
Pd 2) MCPBA ANS 
Ho, (meso) 
Lindlar's MBA / 
cat. /—N 


(k) The following retrosynthesis illustrates the two steps 
that are required to achieve the desired transformation. 
The epoxide (target molecule) can be made from the 
corresponding trans-alkene, which can be made from the 
given alkyne. 
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"uy, pd 


Note that in order to achieve the desired stereochemical 
outcome, the epoxide must be prepared from the trans- 
alkene. 

Now let's draw the forward process. Reduction of the 
alkyne via a dissolving metal reduction affords a trans- 
alkene, which is converted to the desired epoxide upon 
treatment with a peroxy acid (such as MCPBA). 


< 1) Na, NH O 
Bo MN pau 


a 2) MCPBA 
Na, N MCPBA / 
NH3 


(I) The starting material has five carbon atoms and the 
product has seven carbon atoms. The retrosynthetic 
analysis begins by identifying the position of the new 
C-C bond. 

new C-C bond 


a MA 
Ze i 
1 ÒH 


Note that the numbers shown above (in the product) do 
not follow IUPAC rules for numbering, Nevertheless, 
the practice of using numbers to count carbon atoms is a 
very effective tool that is being used in this case. It is 
OK to use numbers in this way, as long we are not using 
these numbers to name the product. 

We can see that the required disconnection is not at the a 
position, but one bond farther away from the hydroxyl 
group, leading to a Grignard reagent nucleophile and an 
epoxide electrophile: 


MgBr b+ 
i d d —, Wy e DA 
ie) 
OH ; 
Nucleophile 


Electrophile 
Now let’s draw the forward process. To prepare the 
epoxide, the alkyne starting material is first reduced in 
the presence of a poisoned catalyst to afford an alkene. 
The alkene is converted to the epoxide upon treatment 
with a peroxy acid (such as MCPBA), and then treatment 
with a Grignard reagent (and aqueous workup), gives the 
desired product. 


ANZ 40H 


A Lindlar's cat. EXE Ne 


uy 2) MCPBA OH 
Lindlar's 9) EtMgBr 
cat 4) H3O* 1) EtMgBr 
2) HO* 
MCPBA 
T Se li» iba 
Oo 
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(m) We did not learn a C-C bond-forming reaction that 
results in an ether product. However, we did learn a way 
to cleave a phenyl ether to give phenol (using HX). A 
Williamson ether synthesis can then be used to reinstall a 
different alkyl group (this time an ethyl group, rather 


than a methyl group): 
o^ N 
LH. xs 
^  2)NaOH ^" 
3) Et 
1) NaOH 


2) Etl 


(n) A retrosynthetic analysis of the target molecule 
reveals that the required disconnection is not at the a 


position, but one bond farther away from the hydroxyl 
group. Therefore, the required disconnection leads to a 


Grignard reagent nucleophile and an epoxide 
electrophile. 
OH 8- , MgBr O 
* => ie 2 b+ 
Nucleophile Electrophile 


Now we have to bridge the gap between the given ether 
starting material and the alkyl bromide needed to prepare 
the Grignard reagent  (bromocyclohexane) This 
transformation represents an ether cleavage, and it can be 
achieved by treatment with HBr. Conversion of 
bromocyclohexane into a Grignard reagent, followed by 
treatment with ethylene oxide (and aqueous workup), 
gives the desired product. 


S 1) HBr 9H 
2) Mg 
3 A 
) H0* 1) Mg 
HBr Ò 
2) 7X 


(0) A retrosynthetic analysis of the target molecule 
reveals that the required disconnection is not at the a 
position, but one bond farther away from the hydroxyl 
group. Therefore, the required disconnection leads to an 
alkoxide nucleophile and an epoxide electrophile. 


Nucleophile Electrophile 


Now let's draw the forward process. The alcohol is first 
deprotonated with a strong base (such as NaH) to give an 
alkoxide ion, which is then treated with ethylene oxide to 
give a ring-opening reaction. The resulting alkoxide ion 
is protonated upon aqueous workup to give the desired 
product: 

1) NaH 


(0) 
2)/\ 
3) H30* 


POLO AOIN ANS oh 


(p) A retrosynthetic analysis of the target molecule 
reveals that the required disconnection is not at the a 
position, but one bond farther away from the hydroxyl 
group. Therefore, the required disconnection leads to a 


Grignard reagent nucleophile and an_ epoxide 
electrophile. 
ys 53 84 
— + 
Nucleophile Electrophile 


Now let’s draw the forward process. The desired 
transformation can be achieved by converting the 
starting alkyl halide into a Grignard reagent, and then 
treating the Grignard reagent with an epoxide (followed 
by aqueous workup). 


1) Mg 
BTA 
3) H,0* 


(q) The retrosynthetic analysis of the target molecule 
asks, “What reaction have we seen that produces an 
aldehyde product?” The aldehyde can be prepared by 
oxidation of the corresponding primary alcohol, and the 
alcohol is suitable for making the required C-C bond 
disconnection. The disconnection is not at the a position, 
but one bond farther away from the hydroxyl group, 
leading to a Grignard reagent nucleophile and an epoxide 
electrophile. 


à— 
& 
SS Wei n x! 


Nucleophile Electrophile 


Now let’s draw the forward process. The starting alkyl 
halide is converted into a Grignard reagent, which is then 
treated with ethylene oxide, followed by aqueous 
workup. Oxidation of the resulting primary alcohol with 
PCC (or DMP, or with a Swern oxidation) gives the 
desired aldehyde: 


[e 
1) Mg 
CI O H 
2) /N 
1) Mg 3) H30* EEG 
2) A 4) PCC, CH5Cl; CH;Cl 
Bud 
3) H30* OH 


(r) This conversion can be achieved in one step, by 
treating the starting material with the epoxide shown, in 
the presence of acid catalysis. Under these conditions, 
the alcohol functions as a nucleophile and attacks a 
protonated epoxide to give a ring-opening reaction in 
which the nucleophile attacks the more substituted 
tertiary position (due to electronic effects). 


O TR Peso — e X ow 


(s) This transformation is similar to the previous problem 
(13.59r), although in this case, the nucleophilic attack 
must occur at the less substituted position. This requires 
treating an epoxide with a strong nucleophile in basic 
conditions. The starting alcohol is first deprotonated 
with a strong base (such as NaH), and the resulting 
alkoxide ion is treated with the epoxide shown below. In 
this case, the nucleophile attacks the less substituted 
primary position (due to less steric hindrance) The 
resulting ring-opening reaction, followed by aqueous 
acidic workup, gives the desired product. 


OH ON 
$i d 


(t) The epoxide can be made from the following alkene, 
so we must find a way to make this alkene: 


1) NaH 


ax 


3) H30* 
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Ce = CF 


This alkene can be made from the starting alkane in two 
steps (radical bromination, followed by Zaitsev 
elimination with a non-bulky base), giving the following 


synthesis: 
ELI x 
O +En 
^2)NaORt  — 
3) MCPBA 
Bro, hv 
MCPBA 


Ceres 


(u) The following synthesis builds on the synthesis in the 
previous solution (13.59t). The product of that synthesis 
is opened by a strong nucleophile (methoxide), which 
attacks the less substituted position. Aqueous acidic 
workup gives the desired product. 


4) Bra, hv OH 
2) NaOEt AR 
3) MCPBA OMe 
| Bra, hv 4) Na9Me 1) NaOMe 
5) HO 
Br )Hs 2) H30* 
O +En 


steer 
Gf MCPBA 4 


13.60. The molecular formula indicates that there are 
seven carbon atoms, but the spectrum has only five 
signals, indicating symmetry. With four degrees of 
unsaturation (see Section 14.16), we suspect an aromatic 
ring. There are four signals in the aromatic region of the 
spectrum, so we expect a monosubstituted ring, which 
explains the symmetry. The fifth signal appears above 
50 ppm, indicating that it is next to an electronegative 
atom. We see in the molecular formula that there is an 
oxygen atom, so we propose the following structure, 
called methoxybenzene (also called anisole). 


CY 
13.61. The 'H NMR spectrum has four signals, and the 
total integration of those four signals is 2 - 2 - 2 3 - 9. 
However, the molecular formula indicates eighteen 


hydrogen atoms, so we expect a high degree of 
symmetry (one half of the molecule mirrors the other 
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half). The compound has no degrees of unsaturation (see 
Section 14.16), so we expect an acyclic compound with 
no x bonds. The integration values of the signals in the 
proton NMR spectrum indicate the presence of three CH2 
groups and one CH3 group, which appear to be 
connected to each other in a chain: 


n E 
Sai 
H HHH 
triplet i3 
È q triplet 
(I= 2) multiplet multiplet (I= 3) 
(1-2) (I= 2) 


We therefore propose the following structure: 
SAY 


This structure is consistent with the carbon NMR 
spectrum as well. Notice that there are four different 
kinds of carbon atoms, thus giving rise to four signals. 
Only one of the four signals is above 50 ppm, indicating 
that it is next to an electronegative atom. This is 
consistent with the structure above. 


13.62. The molecular formula indicates that there are 
four carbon atoms, but the carbon NMR spectrum has 
only two signals, indicating symmetry. With one degree 
of unsaturation (see Section 14.16), the structure must 
contain either a ring or a double bond. The following 
structure has a ring and would indeed produce only two 
signals in the carbon NMR spectrum (because of 
symmetry). The IR spectrum contains no signals in the 
diagnostic region (other than C-H signals just below 
3000 cm), which is consistent with the proposed 


structure. 
Ò 


CJ 


13.63. The spectrum has two signals, and the total 
integration of those two signals is 2 + 3 = 5. However, 
the molecular formula indicates ten hydrogen atoms, so 
we expect a high degree of symmetry (one half of the 
molecule mirrors the other half). The compound has no 
degrees of unsaturation (see Section 14.16), so we expect 
an acyclic compound with no x bonds. The signals in 
the spectrum are consistent with an ethyl group (a quartet 
with an integration of 2, and a triplet with an integration 
of 3). The molecular formula indicates the presence of 
an oxygen atom, so we propose the following structure in 
which the two ethyl groups mirror each other: 


NOL 


13.64. LiAlDs is expected to function very much like 
LiAlH4. That is, it is expected to be a delivery agent of 


D (rather than H ), which attacks the less hindered 
position (secondary rather than tertiary), with inversion 
of configuration at that position. The resulting alkoxide 
ion is then protonated upon treatment with aqueous acid, 
to give the product shown. 


1) LiAID4 
2) H30* 


13.65. NaBH; is expected to serve as a delivery agent 
of H , which attacks the electrophilic carbonyl group 
(that carbon atom is electrophilic because of both 
resonance and induction). The resulting alkoxide ion can 
then undergo an intramolecular Sw2-type reaction, 
expelling a halide as a leaving group, and generating the 
epoxide, as shown: 


e e 
X 
\ NaBH, EI 
— > 
H 
| H Ge 
H—B-H jo: 
ie ? o 
H -X 
y 
X 


13.66. When methyloxirane is treated with HBr, the 
regiochemical outcome is determined by a competition 
between steric and electronic factors, with steric factors 
prevailing — bromide attacks the less substituted position. 
However, when phenyloxirane is treated with HBr, 
electronic factors prevail in controlling the regiochemical 
outcome. Specifically, the position next to the phenyl 
group is a benzylic position and can stabilize a large 
partial positive charge. 


Benzylic 
position 


NV: 


In such a case, electronic factors are more powerful than 
steric factors, and bromide attacks the more substituted 
position. 


13.67. This process for epoxide formation involves 
deprotonation of the hydroxyl group, followed by an 
intramolecular Sw2-type attack. Recall that Sn2 
processes occur via back-side attack, which can only be 
achieved when both the hydroxyl group and the bromine 
occupy axial positions on the ring. Due to the steric bulk 
of a tert-butyl group, compound A spends most of its 
time in a chair conformation that has the tert-butyl group 
in an equatorial position. In this conformation, the OH 
and Br are indeed in axial positions, so the reaction can 
occur quite rapidly. In contrast, compound B spends 
most of its time in a chair conformation in which the OH 
and Br occupy equatorial positions. The Sn2-type 
process cannot occur from this conformation. 


No 


Br 


OH 


Br 


Most stable conformation 
of compound A of compound B 
(rapid back-side attack) (slow back-side attack) 
When compound A is treated with NaOH, the hydroxyl 
group in compound A is deprotonated, giving an 
alkoxide ion which can serve as a nucleophile in an 
intramolecular Sn2-type attack that gives an epoxide. 


Most stable conformation 


13.68. There are many acceptable methods for achieving 
the desired transformation. The following retrosynthetic 
analysis represents one such method. An explanation of 
each of the steps (a-g) follows. 


OH 
H ENS 
uc one 
||: 
Ó 
e BN 
OG -0- 
f 
Br 
+ Bmg ~~ S 
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a. The diol can be made from an epoxide. 

b. The epoxide can be made from the corresponding 
trans-alkene. 

c. The trans-alkene can be made from an alcohol. 

d. The alcohol can be made from an epoxide via a 


Grignard reaction. 
e. The epoxide can be made from the corresponding 
alkene (called styrene). 
f Styrene can be made from the corresponding benzyl 
bromide. 
The bromide can be made from ethyl benzene via 
radical bromination. 


va 


The forward synthetic scheme for the second pathway is 
illustrated here: 


1) Bro, hv 
-— 
2) tBuOK 
3) MCPBA 
4) n-PrMgBr 
p hv i HO* g ) MCPBA 
Br : TsCl, py ^ H30* 
) -BuOK 
PCE 
ibe: "na 
) TsCl, py 
BUB z t- m 


- ow 


9) 
) n-PrMgBr 
MCPBA 2 H20 


13.69. There are certainly many acceptable methods 
for achieving the desired transformation. The following 
retrosynthetic analysis represents one such method. An 
explanation of each of the steps (a-e) follows. 


OH 
~P = Ph 
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a. The epoxide can be made from the corresponding 1) Mg 
trans alkene. 2) O 
b. The trans alkene can be made from the LN Q 
corresponding alcohol via a dehydration reaction Ph—Br 3) HO I Jo, PE 
(upon treatment with concentrated sulfuric acid). 1) Mg 4) VER H5SO4, Ph Ph 
c. The alcohol can be made from the reaction between O heat 
a Grignard reagent (PhMgBr) and an epoxide, 2) LN 5) MCPBA MCPBA 
thereby installing a phenyl group. 33H4O* 6) PhMgBr 
d. The epoxide can be made from the corresponding )Hs 7) H30 axs -Ph 
: 8) conc. Hj$04, pu^ ^ ^ 
alkene upon treatment with a peroxy acid. heat 
e. The alkene can be made from the corresponding Su PRO 9) MCPBA conc. 
primary alcohol. NA H2504 
: : : : heat 
f. The primary alcohol can be made via Grignard H5SO4 
reaction involving an epoxide. Y heat on 
“NS. Ph 
The forward synthetic scheme is illustrated here: Ba Ss Ph 
MCPBA O 4) PhMgBr 
a 2) H,0* 


13.70. Since the Grignard reagent is both a strong base and a strong nucleophile, substitution and elimination can both 
occur. Indeed, they compete with each other. The Sn2 mechanism (nucleophilic attack on the epoxide ring) is slowed 
by steric hindrance, so the Grignard reagent will instead act as a base, resulting in an E2 mechanism: 


o> OH 
7 H 1) EtMgBr L 
2) H30* 
H 


| 
EON 
mm 


I 
\ 


13.71. In the first step, vinylmagnesium bromide is a powerful nucleophile and can attack the epoxide in a ring- 
opening reaction (attacking the less substituted carbon) to afford alcohol A. This alcohol is subsequently converted to 
ether B via a Williamson ether synthesis (deprotonation with NaH, followed by reaction with methyl iodide). 
Dihydroxylation of the terminal alkene with catalytic OsO4 in the presence of NMO gives a mixture of diastereomeric 
diols C and D. 


^ OH OCHs 
PN NM 1) CH>=CHMgBr p Ph — 1) NaH Z O. .Ph 
E 2) HO" Bs 2) CHsl 2n 
Ph A Ph B X Ph 
cat. OsO4 
NMO 
OH OCH; OH OCH; 
HO O. ,Ph * HO, 4 O. Ph 
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13.72. A new carbon-carbon bond must be made between C6 and C7: 


OR 


A £ 


3-bromo-1-propyne 


Epoxides are electrophilic functional groups and are subject to attack by a nucleophile. In order for the OH group to be 
ultimately positioned at C5, the nucleophile must attack the less substituted side of the epoxide (C6), which requires 
basic conditions (rather than acidic conditions, which often favors attack at the more substituted carbon). 
The nucleophile for this reaction must be made from 3-bromo-l-propyne, which can be achieved by 
treatment with magnesium, thereby forming the Grignard reagent: 
7 7 


© Q7 
P. Mg Vom is the same as BrMg FS 
BE OR MEL Ss 


The desired transformation can therefore be achieved in the following way: 


OR 


wO 4) H—C EC —CHMgBr 
2) H3O* (work-up) 


13.73. Let's begin by drawing the trans-decalin system in a way that illustrates the chair conformation of each six- 
membered ring. Assigning locants can be helpful in this situation, since they make it easier to place all of the 
substituents in the correct locations and in the correct configurations: 


The trans-decalin structure imposes structural rigidity and limits the conformational freedom available to the 


compound. 
Now let's consider the two faces of the x bond (the top face and the bottom face): 


Top face of x bond 
is sterically encumbered 
TMSO LA 


Bottom face of z bond 
is more accessible 


These two faces of the t bond are not equally accessible. That is, the compound is confined to a conformation in which 
one face of the x bond is more sterically encumbered than the other. This steric consideration is difficult to see in the 
drawing above, and can be visualized more clearly if we draw a Newman projection, looking down the C2-C3 bond. 
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~<— Top face of x bond 


MSN is sterically encumbered 


Look down H 
this C-C bond 
and draw a 
Newman projection 


Iis 


we 


Bottom face of x bond 
is more accessible 


Since the bottom face of the t bond is more accessible, the epoxidation process will occur on that face, giving the 
following epoxide: 


OH 


(See Mechanism 8.6) 


> 


TMSO 


Cl 


This epoxide is then opened with LiAIH4, and under these conditions, it is likely that the primary OH group will be 
deprotonated, giving a dianion: 


13.74. 

(a) Epoxide 2 can be generated from allylic alcohol 1 via a Sharpless asymmetric epoxidation. The reagents for this 
reaction are: fert-butyl hydroperoxide, titanium tetraisopropoxide, and one enantiomer of diethyl tartrate (DET), 
depending on which epoxide enantiomer is required. In Figure 13.4, we saw a predictive tool for determining which 
enantiomer of DET would be required to afford epoxide 2. Allylic alcohol 1 is orientated so that the allylic hydroxyl 
group appears in the upper right corner, and then we can see that (—)-DET is required in order for the epoxide ring to be 
formed on the bottom face of the molecule, corresponding to compound 2. 
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Lo pe ^u OH o 
EE ER Ph H,, Sou 
TI[OCH(CHs)s14 Pho H = \ 


- DET 
1 (=) o 2 


(b) In the first step, the epoxide group in compound 3 is protonated to form intermediate 5. Notice that the epoxide is 
unsymmetrical; on the left side, the epoxide carbon is secondary, and on the right side, it is tertiary. Under acidic 
conditions, and when the epoxide has a tertiary carbon, the dominant effect is electronic (more important than steric 
considerations), and a nucleophile will attack at this site (Section 13.10). In this example, the nucleophile that opens 
the epoxide is the oxygen atom of the ester group, generating a resonance-stabilized intermediate (6) which exhibits a 
5-membered ring. At this stage, the alcohol on the 2? carbon, which was generated from the epoxide opening, can 
attack to generate intermediate 7. And finally, deprotonation of 7 generates compound 4. 


H us RN H, 07 s— Ò 
Ph— T = Ph— 2 K Js 
o o Ned 
3 5 S 
V MO SUM 


Rotate about 
II central C-C bond 


( ae. 


————— 


Ph HY 1 Ph tis 
O O 


13.75. 
(a) The conversion of 1 to 2 utilizes a Sharpless asymmetric epoxidation, so the product is expected to be an epoxide. 
The stereochemical outcome can be deduced by applying the paradigm provided in Figure 13.4. Since the chiral 
catalyst was formed using (—)-DIPT, which affords the same stereochemical outcome as (—)-DET, we can conclude that 
the epoxide forms “below the plane” when the alkene is drawn with the allylic hydroxyl group in the upper right 
corner: 


T[OCH(CHagh 


(--DIPT 


H7, O x— OH 


(b) First consider the reagents. Sodium hydroxide will deprotonate 2-ethoxyphenol to give a phenolate ion (shown 
below). 
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R <0 © 


The phenolate ion can serve as a nucleophile and attack epoxide 2 in a ring-opening reaction. Nucleophilic attack 
occurs at the benzylic position (the carbon atom attached to the benzene ring) to form an alkoxide intermediate that is 
protonated to give diol 3. 


OH 


3 OH 


(c) Treatment of 3 with TMSCI in Et3N results in the selective protection of the less sterically hindered primary alcohol 
(as described in the problem statement) to give 6. The remaining OH group of 6 (a secondary alcohol) is then converted 
to the mesylate with MsCl, as seen in compound 7. Subjecting 7 to aqueous acid results in the removal of the silyl 
protecting group to form 4 in which the primary alcohol group is revealed. The net result of these three reactions is the 
selective mesylation of the secondary OH group, thereby converting it into a good leaving group. 


OEt 
6) 
MSCI SCI . MsCl ,. 
EN — EN — 
MsO 


OTMS 7 OTMS 


(d) Treatment of 4 with aqueous NaOH results in deprotonation of the alcohol to give alkoxide 8, a strong nucleophile. 
This facilitates an intramolecular ring-forming reaction, via an Sn2-like back-side attack with inversion of 
configuration at the carbon atom bearing the mesylate leaving group, to give compound 5. 
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OEt OEt 


OEt 

(e) [e 
- Mso” 
————— 

SH 
MsO Q Mso 
(e) a. :0: 
4 7H 8 OT 5 


13.76. 

(a) As described in the problem statement, the alcohol group is first deprotonated to give an alkoxide ion, which 
functions as a nucleophile and participates in an intramolecular SN2-type process in which the epoxide ring is opened 
and a new epoxide is formed (notice that back-side attack places the oxygen atom of the new epoxide on a dash). After 
protonation of the resulting alkoxide, the epoxide ring can then be opened with a thiophenolate ion (PhS) to give 
another alkoxide, which is then protonated to give the observed product. 


(b) The allylic alcohol undergoes a Sharpless asymmetric epoxidation to give the following epoxide, which then 
undergoes the transformation explored in part (a). 


Ph Ph 


VN NZ pee > oh AL _ oH 
Ph o TI[OCH(CH44l4 Ph o 
(+)-DET 
NaOH / H50, 
PhSH 


13.77. When compound 1 is treated with an electrophilic source of bromine, the alkene will readily react to form 
bromonium ion 3. At this stage there are two possibilities for further reactivity. Typically, with an OH group present in 
the compound, the OH group can function as a nucleophile and attack the bromonium ion to form a cyclic ether. For 
example, consider path A. If this were to occur, an 8- or 9-membered ring would be formed, depending on which side 
of the bromonium ion is attacked by the alcohol. However, since we do not see the formation of a medium-sized ring in 
the product, a different reaction pathway must be occurring. Consider the lone pairs on the oxygen atom which is part 
of the 4-membered cyclic ether. If one of these lone pairs were to attack the bromonium ion (path B), the result would 
be a 5-membered ring fused to the 4-membered ring (compound 4). However, this intermediate is not stable — the 
bridgehead oxygen atom has 3 bonds, making it positively charged and an excellent leaving group. At this stage, the 
nearby OH group reacts in an Su2-type fashion to open the 4-membered ring. Deprotonation of the resulting oxonium 
ion furnishes the observed product, epoxide 2: 
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13.78. 
(a) Oxymercuration-demercuration of an alkene affords an alcohol, via a Markovnikov addition of H and OH. As such, 
we expect that compound 2 is the following hydration product: 


eee 


OH 
2 


(b) Oxymercuration of compound 3 results in the addition of OH and HgOAc across the x bond, with the OH group 
being positioned at the more substituted position. Thus, compound 4 is the initial product of oxymercuration: 


OH 
wore A n 
4 O 


This intermediate can theoretically be converted into the Markovnikov hydration product via demercuration. 


OH OH 
aom A OW = SABI a ANS 
4 Ò [9] 


However, before NaBHa is introduced, 4 can also continue to react under the oxymercuration conditions, where 
Hg(OAc) can behave as a Lewis acid. As shown, the Hg(OAc) can interact with the oxygen atom of the epoxide 
group, much like an epoxide accepts a proton. This makes the epoxide ring more electrophilic and facilitates the 
intramolecular nucleophilic attack at the more substituted position by the nearby hydroxyl group. This intramolecular 
cyclization reaction forms a five-membered ring. Deprotonation produces compound 5, and demercuration of 5 affords 
one of the major cyclization products, 8. 
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Hw Heck 


O: 
AcO)H wae. 
woro NA =< wom A A | ae )Hg 206 Hg(OAc) 


4 o: oN 
] G Hg. H [9] 


A N demercuration NX Ww 
———————— AcO)H on 
ie) (AcO)Hg o Hg(OAc) 


5 


The other cyclization product, 7, is a result of the intramolecular epoxide ring-opening occurring at the less substituted 
position, forming a six-membered ring: 


Bid 
©.. 
de, CH; 
2 2 
H.® O o 
(AcO)Hg > =. C9 SHg(OAc) ^ 7 O ~Hg(OAc) 
as (AcO)Hg (AcO)Hg 
Hg. 6 


(c) Oxymercuration-demercuration of 1 can only result in a cyclic product if a four-membered ring is formed. Four- 
membered rings exhibit significant ring strain so their formation is slow under these conditions. 


13.79. In the first step, iodine (the electrophile) adds to the terminal alkene to form an iodonium ion. Once formed, 
intramolecular attack of this intermediate by the methoxy group occurs, resulting in the formation of a 6-membered 
ring. This intermediate, however, is not stable and is quickly trapped by the iodide ion, resulting in ring opening to 
form a stable product. In the second step, thiophenol displaces the iodide in an Sn2 fashion, followed by deprotonation 
of the resulting intermediate using triethylamine as a base. 


Step 1 


Me... 
OMe 763 I 


J^ ae J idee, 19 J 
— > Ò Cie —— Ò LO ——— Ò OMe 
Ph hN Ph eee Ph e M eee Ph Eres DUC 


S 
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Step 2 


13.80. The epoxide in compound 1 has a tertiary carbon on the top side, and a primary carbon on the bottom side. 
Under acidic conditions, we have learned that electronic effects override steric effects when there is a tertiary carbon on 
one side of the epoxide. If this line of reasoning were to govern product formation in this example, we would expect the 
alcohol to attack the top carbon. However, we know from looking at the product of the ring-opening (compound 2) that 
the alcohol must have attacked the primary carbon. Also of note is the stereochemistry at the ring opening site. After 
epoxide 1 is protonated, hexafluoro-2-propanol is expected to approach intermediate 3 from the bottom face of the 
molecule, resulting in compound 6. Again, this is not what is observed: 


CF, 


H 
Oe: COPA 


Expected configuration 
(not observed) 


As it turns out, when this epoxide is protonated, the ring is able to open up (loss of leaving group), because it produces 
a carbocation that is resonance-stabilized (4a/4b). This cation can then be trapped by hexafluoro-2-propanol, which 
preferentially approaches from the top face of the molecule (the bottom face is blocked by the nearby methyl group and 
peroxide bridge), producing intermediate 5. Finally, loss of a proton forms alcohol 2. Overall, this nucleophilic 
substitution follows a stepwise path via a carbocation intermediate (Sn1) rather than a concerted back-side attack (Sn2). 
This explains the unexpected stereochemical outcome (no inversion of configuration). 


^n, 


Notice that this example does not violate the principles underlying electronic trends (attack at secondary position rather 
than the tertiary position). Specifically, when there is an oxygen atom attached directly to one side of the epoxide, 
under acidic conditions, ring opening will predominantly occur at this site, because it results in a highly stable 
(resonance-stabilized) cation. 


Chapter 14 
Infrared Spectroscopy and Mass Spectrometry 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 14. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


Spectroscopy is the study of the interaction between and 
The difference in energy (AE) between vibrational energy levels is deieumined by the nature 
of the bond. If a photon of light possesses exactly this amount of energy, the bond can absorb 
the photon to promote a excitation. 
IR spectroscopy can be used to identify which are present in a compound. 
The location of each signal in an IR spectrum is reported in terms of a frequency-related unit 
called 
The wavenumber of each sional is determined primarily by bond and the 

of the atoms sharing the bond. 
The intensity of a signal is dependent on the of the bond giving rise to the 
signal. 


C=C bonds do not produce signals. 
Primary amines exhibit two signals resulting from stretching and 
stretching. 

Mass spectrometry is used to determine the and 

of a compound. 

Electron impact ionization (EI) involves bombarding the compound with high energy 

, generating a radical cation that is symbolized by (M)* and is called the 

molecular ion, or the ion. 

Only the molecular ion and the cationic fragments are deflected, and they are then separated 

by their (m/z). 

The tallest peak in a mass spectrum is assigned a relative value of 100% and is called the 
peak. 

The relative heights of the (M)* peak and the (M—1)" peak indicates the number of 


A signal at M-15 indicates the loss of a group; a signal at M—29 indicates the loss 
ofan group. 

alkanes have a molecular formula of the form CnH2n+2. 
Each double bond and each ring represents one degree of 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 14. The answers appear in the section entitled SkillBuilder Review. 


14.1 Analyzing an IR Spectrum 


Step 1 Look for bonds Step 2 Look for bonds | Step 2 Look for bonds 
between 1600 and 1850 cm“ between 2100 and 2300 cm between 2750 and 4000 em’ 
Guidelines: Guidelines: Guidelines: 
C=O bonds produce signals triple bonds do not Draw à line at 3000 cm-1, and look for 
produce signals or C-H bonds to the 
C=C bonds generally produce left of the line. 


signals. Symmetrical C=C bonds do not 


appear at all. The shape of an O-H signal is affected by 
(due to H-bonding) 


Primary amines exhibit two N-H signals 
(and éNÁÀ Á stretching) 
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14.2 Distinguishing Between Two Compounds Using IR Spectroscopy 


Step 1 Work methodically through the Step 2 Determine if any Step 3 For each expected signal, 
expected of each | will be present for one compound but | compare for any possible differences in 
compound. absent for the other. 1 -Or 


14.3 Using the Relative Abundance of the (M+1)” Peak to Propose a Molecular Formula 


Step 1 Fill in the boxes below to complete the formula that can Step 2 Analyze the mass of the 
be used to determine the number of carbon atoms ina molecular ion to determine if any 
compound using mass spectrometry: are present. 


Abundance of C ) peak 
Abundance of( ) peak 


1.1% 


) x 100% 


14.4 Calculating HDI 


Step 1 Rewrite the molecular formula "as if" the compound Step 2 Determine whether any H's are missing. Every two 
had no elements other than C and H, using the following H's represent one degree of unsaturation: 
rules: 


C,HgCl ———> HDI= 
- Add one H for each 
CHO —— HDI- 
- Ignore all atoms. 
C4HgN —— HDI= 
- Subtract one H for each 


Mistakes to Avoid 


We have seen that the IR spectrum of an alkene will exhibit a signal near 1650 cm' (the characteristic 
signal for a C=C bond) if there is a dipole moment associated with the C=C bond. In such a case, the 
dipole moment changes as the C=C bond vibrates, creating an oscillating electric field that serves as an 
antenna to absorb the appropriate frequency of IR radiation. If the C=C bond does not have a dipole 
moment, then it cannot efficiently absorb IR radiation, and the signal near 1650 cm'! will be absent. For 
example, consider the following two compounds: 


= z7 


will produce a signal will NOT produce a signal 
near 1650 cm" near 1650 cm" 


Don’t be confused by the terms ‘symmetrical alkene’ and ‘unsymmetrical alkene’. We might refer to the 
first compound as an unsymmetrical alkene (in reference to the dipole moment), but the truth is that this 
alkene still does possess some symmetry (an axis of symmetry, as well as two planes of symmetry). 


Axis HQ — pe a 
Of d poe = E 
symmetry HC H T" s 


Plane of symmetry Plane of symmetry 


But these symmetry elements are not relevant for determining whether a C=C bond has a dipole moment, 
and therefore, they are not relevant for determining whether or not a C=C bond will produce a signal in an 
IR spectrum. When we refer to a symmetrical alkene, we are referring to the symmetry of the two vinylic 
positions: 
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position position 


R iR 
vinylic > FK ^ vinylic 
RJ (R 


With this in mind, let’s consider the following alkene: 


Cl 


= 


Cl 


While this molecule does possess some symmetry, you should avoid falling into the trap of calling it a 
symmetrical alkene and erroneously deciding that the C=C double bond will not produce a signal. In fact, 
the dipole moment for this C=C bond is expected to be quite large (because of the combined inductive 
effects of the chlorine atoms. One vinylic position (the one connected to the two chlorine atoms) is more 
electron-deficient (6+) than the other vinylic position. As a result, this C=C bond is expected to produce a 


rather strong signal in the IR spectrum. 


Solutions 

14.1. 

(a) The C-H bond is expected to produce the signal 
with the largest wavenumber, because bonds to H 
typically produce high-energy signals (due to the low 
mass of the hydrogen atom). Among the remaining two 
bonds, the triple bond is stronger than the double bond, 
so we expect the double bond to produce the signal with 
lowest wavenumber. 


Increasing wavenumber 


C—H C=C C=C 

(b) Each of the bonds in this case is a single bond. The 
C-H bond is expected to produce the signal with the 
larger wavenumber, because bonds to H typically 
produce high-energy signals (due to the low mass of the 


hydrogen atom). 


Increasing wavenumber 
m 


C—H C—C 

14.2. 

(a) This compound exhibits an sp?-hybridized carbon 
atom that is connected to a hydrogen atom. As such, this 
C-H bond (highlighted) should produce a signal above 
3000 cm! (at approximately 3100 cm!). 


> 3000 cm 


(b) This compound has three sp?-hybridized carbon 
atoms, but none of them are connected to hydrogen 
atoms. And there are no sp-hybridized carbon atoms. 
Therefore, we do not expect a signal above 3000 cm". 


(c) This compound (an internal alkyne) has two sp- 
hybridized carbon atoms, but neither of them are 
connected to hydrogen atoms. And there are no sp?- 
hybridized carbon atoms. Therefore, we do not expect a 
signal above 3000 cm". 


(d) This compound exhibits an sp?-hybridized carbon 
atom that is connected to a hydrogen atom. As such, this 
C-H bond (highlighted) should produce a signal above 
3000 cm”! (at approximately 3100 cm:!). 


X > 3000 cm’! 
H 


(e) This compound has two sp?-hybridized carbon atoms, 
but neither of them are connected to hydrogen atoms. 
And there are no sp-hybridized carbon atoms. Therefore, 
we do not expect a signal above 3000 cm`!. 


(f) This compound (a terminal alkyne) exhibits an sp- 
hybridized carbon atom that is connected to a hydrogen 
atom. As such, this C-H bond (highlighted) should 
produce a signal above 3000 cm”! (at approximately 3300 
cm’), 


M EE 


> 3000 em 


14.3. 

(a) Both carbonyl groups are ketones. One of the 
carbonyl groups (upper left) is not conjugated, so it is 
expected to produce a signal at approximately 1720 cm'!. 
The other carbonyl group (bottom right) is conjugated to 
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a C=C n bond, so it is expected to produce a signal at 
approximately 1680 cnr!. 


Ó 


i9) 


lower wavenumber 
(carbonyl group is conjugated) 


(b) Both carbonyl groups are esters. One of the ester 
groups (bottom right) is not conjugated, so it is expected 
to produce a signal at approximately 1735 cmr!. The 
other carbonyl group (upper left) is conjugated to a C=C 
m bond, so it is expected to produce a signal at 
approximately 1710 cm'!. 


lower wavenumber 
(carbonyl group is conjugated) 


(c) The carbonyl group of a ketone is expected to 
produce a signal at approximately 1720 cnr!, while the 
carbonyl group of an ester is expected to produce a 
signal at approximately 1735 cm'!. 


(0) 


lower wavenumber O 
(a ketone) 

higher wavenumber 
(an ester) 


14.4. The C-C m bond in the conjugated compound 
produces a signal at lower wavenumber (1600 cm!) 
because it has some single-bond character, as seen in the 
third resonance structure below. This additional single 
bond character renders the conjugated C=C m bond 
weaker (relative to the nonconjugated C=C n bond of the 
other compound, which does not exhibit any single bond 
character). 


o o 
a Oo d Oo 
single-bond 
character 


14.5. 
(a) The second compound has an electronegative 
chlorine atom, which withdraws electron density via 


induction. 
^N 


Therefore, the C=C bond in this compound has a larger 
dipole moment than the C-C bond in the other 
compound. As a result, we expect the chloroalkene to be 
more efficient at absorbing IR radiation (thereby 
producing a stronger signal). 


(b) The C=C bond in the compound shown below will 
have a larger dipole moment because one carbon atom is 
connected to two chlorine atoms while the other carbon 
atom is not directly connected to any chlorine atoms. As 
a result, the two carbon atoms are in very different 
electronic environments, giving rise to a large dipole 
moment. We therefore expect this C=C bond to be more 
efficient at absorbing IR radiation (and therefore produce 
a stronger signal). 
CI 


= 


Cl 


14.6. If we draw all significant resonance structures of 
2-cyclohexenone, we see that one of the alkene carbon 
atoms is electron-deficient (highlighted in the third 
resonance structure): 


Qs — Qe 


As a result, the two alkene carbon atoms experience very 
different electronic environments, giving rise to a large 
dipole moment. With a large dipole moment, this C-C 
bond is expected to be very efficient at absorbing IR 
radiation, thereby producing a strong signal. 


14.7. The vinylic C-H bond should produce a signal at 
approximately 3100 cm'!. 


~ 3100 cm 
H 


ye 


14.8. The narrow signal is produced by the O-H 
stretching in the absence of a hydrogen-bonding effect. 
The broad signal is produced by O-H stretching when 
hydrogen bonding is present. Hydrogen bonding 


effectively lowers the bond strength of the O-H bonds, 
because each hydrogen atom is slightly pulled away from 
the oxygen atom to which it is connected. A longer 
bond length (albeit temporary) corresponds with a 
weaker bond, which corresponds with a lower 
wavenumber. 


14.9. 

(a) The broad signal between 3200 and 3600 cm’! is 
characteristic of an alcohol (ROH). 

(b) This spectrum lacks broad signals above 3000 cm", 
so the compound is neither an alcohol nor a carboxylic 
acid (both of which produce broad signals that reach as 
high as 3600 cm’!). 

(c) The extremely broad signal that extends from 2200 to 
3600 cm! is characteristic of the O-H stretching of a 
carboxylic acid (RCO?H). The signal just above 1700 
cnr! is also consistent with a carboxylic acid (for the 
C=O bond of the carboxylic acid). 

(d) This spectrum lacks broad signals above 3000 cm'!, 
so the compound is neither an alcohol nor a carboxylic 
acid (both of which produce broad signals that reach as 
high as 3600 cm’!). 

(e) The broad signal between 3100 and 3600 cm'! is 
characteristic of an alcohol (ROH). 

(f) The extremely broad signal that extends from 2200 to 
3600 cm! is characteristic of the O-H stretching of a 
carboxylic acid (RCO2H). The signal around 1700 cm! 
is also consistent with a carboxylic acid (for the C=O 
bond of the carboxylic acid). 


14.10. 

(a) The strong signal just above 1700 cm” is consistent 
with the stretching of the carbonyl group (C=O) of a 
ketone. 

(b) The extremely broad signal that extends from 2200 to 
3600 cm! is characteristic of the O-H stretching of a 
carboxylic acid (RCO2H). The signal just above 1700 
cm’! is also consistent with a carboxylic acid (for the 
C=O bond of the carboxylic acid). 

(c) The signal at approximately 3400 cm” is consistent 
with the stretching of the N-H bond of a secondary 
amine. 

(d) The two signals at 3350 and 3450 cm'! are consistent 
with the symmetric and asymmetric stretching of the 
N-H bonds of an NH» group. This indicates a primary 
amine. 

(e) The strong signal just above 1700 cmr! is consistent 
with the stretching of the carbonyl group (C=O) of a 
ketone. 

(f) The broad signal between 3200 and 3600 cm’! is 
characteristic of an alcohol (ROH). 


1 


14.11. The Cs»-H bonds of each methyl group can 
stretch. symmetrically, asymmetrically, and in various 
combinations with respect to each other. Each one of 
these possible stretching modes is associated with a 
different wavenumber of absorption, giving a large 
number of overlapping peaks. 
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14.12. 

(a) Begin by drawing a line at 1500 cm” and ignoring 
everything to the right (the fingerprint region). Then, 
look for any signals associated with double bonds 
(1600-1850 cm’) or triple bonds (2100-2300 cm). In 
this case, there is a weak signal between 1600 and 1700 
cm’, consistent with an alkene. Finally, we draw a line 
at 3000 cnr!, and we look for signals to the left of this 
line. In this case, there is a signal at approximately 3100 
cm“, which is consistent with a Cs»-H bond of an 
alkene. Among the possible structures, the alkene is the 
structure that is consistent with the signals in the 
Spectrum. 


ZN 


(b) Begin by drawing a line at 1500 cm"! and ignoring 
everything to the right (the fingerprint region). Then, 
look for any signals associated with double bonds 
(1600-1850 cm’) or triple bonds (2100-2300 cm’). In 
this case, there is a strong signal between 1700 and 1800 
cnr!, consistent with a carbonyl group. Among the 
possible structures, only two of them exhibit C=O bonds. 
One of these structures has carboxylic acid groups, and 
the spectrum does not match that compound (because 
that compound is expected to give a broad O-H stretch 
from 2200-3600 cm'!, which is absent in our spectrum). 
The following structure (an ester) is consistent with the 
IR spectrum. 
(0) 


P 


(c) Begin by drawing a line at 1500 cm” and ignoring 
everything to the right (the fingerprint region). Then, 
look for any signals associated with double bonds 
(1600-1850 cm’) or triple bonds (2100-2300 cm). In 
this case, there are none. Next, we draw a line at 3000 
cnr, and we look for signals to the left of this line. In 
this case, there are none. With no characteristic signals 
for any functional groups, this spectrum is consistent 
with an alkane. 


[NAN 


(d) The broad signal between 3200 and 3600 cm! is 
characteristic of an alcohol (ROH). There is only one 
alcohol among the possible structures given. 


P 


(e) The extremely broad signal that extends from 2200 to 
3600 cm”! is characteristic of the O-H stretching of a 
carboxylic acid (RCO?2H). The signal just above 1700 
cnr! is also consistent with a carboxylic acid (for the 
C=O bond of a carboxylic acid group). Notice that this 
signal appears to be comprised of two overlapping 
signals, which can likely be attributed to symmetric and 
asymmetric stretching of the two carbonyl groups. 
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(f) The two signals at 3350 and 3450 cm’! are consistent 
with the symmetric and asymmetric stretching of the 
N-H bonds of an NH2 group. There is only one primary 
amine among the possible structures given. 


PO ONS 


14.13. The following five signals are expected 
(presented in order of increasing wavenumber): 

1) The C=C bond (expected to be ~ 1650 cm!) 

2) The C=O bond of the carboxylic acid group (expected 
to be ~ 1715 cm?) 

3) All Cs-H bonds (expected to be < 3000 cm!) 

4) The Cs-H bond (expected to be ~ 3100 cm!) 

5) The O-H bond of the carboxylic acid group (expected 
to be 2200 - 3600 cm:!) 


14.14. 

(a) The starting material is an alcohol and is expected to 
produce a typical signal for an O-H stretch (a broad 
signal between 3200 and 3600 cmr!) In contrast, the 
product is a carboxylic acid and is expected to produce 
an even broader O-H signal (2200-3600 cm!) as a result 
of more extensive hydrogen bonding. In addition, the 
product can be differentiated from the starting material 
by looking for a signal at around 1715 cm. The 
carboxylic acid product has a C=O bond and should 
exhibit this signal. The alcohol starting material lacks a 
C=O bond and will not show a signal at 1715 cm'!. 


(b) The starting material is an unsymmetrical alkyne and 
is expected to produce a signal at around 2200 cmr!. In 
contrast, the product is an unsymmetrical alkene and is 
expected to produce a signal at around 1600 cm. Also, 
the alkene product has Csp-H bonds that are absent in 
the alkyne starting material. Therefore, the product is 
expected to have signals at around 3100 cm”, and the 


starting material will have no signal in that region. 


(c) The C=C bond in the starting material and the C=C 
bond in the product are each symmetrical and will not 
produce signals. However, the alkene product has 
Cs-H bonds that are absent in the alkyne starting 
material. Therefore, the product is expected to have a 
signal at around 3100 cnr, and the starting material will 
have no signal in that region. 


(d) The starting material will have two signals in the 
double-bond region (1600-1850 cm-t): one for the C=O 
bond and one for the C=C bond. The product only has 
one signal in the double-bond region (1600-1850 cm'!). 
It only has the signal for the C=O bond, which is 
expected to be at a higher wavenumber than the C-O 
signal in the starting material (because the C=O bond is 
not conjugated in the product). 


14.15. The starting material has a cyano group (CEN) 
and the triple bond is expected to produce a signal at 
approximately 2200 cmr!. In contrast, the product is a 
carboxylic acid and is expected to produce a broad signal 
from 2200-3600 cm'!, as well as a signal at 1715 cm! 
for the C-O bond. 


14.16. The ketone starting material has a C=O signal at 
1720 cnr, and that signal should be absent if the reaction 
was successful. The presence of the alcohol product can 
be confirmed by the appearance of an O-H signal at 
3200 — 3600 cm". 


JL 1) LiAIHA bs 
——————— 
R OR 2HsO* RAOR 


14.17. 1-Chlorobutane is a primary substrate. When 
treated with sodium hydroxide, Sn2 substitution is 
expected to dominate over E2 elimination (see Chapter 
7), but both products are expected to be obtained: 


NaOH 


“~~~ on X NZ 
major minor 


The substitution product is an alcohol and is expected to 
have a broad signal from 3200 to 3600 cmr!. The 
elimination product is an unsymmetrical alkene and is 
expected to give a C=C signal at approximately 1650 
cm, as well as a Cs»-H signal at 3100 cm". 


14.18. 

(a) These compounds have different molecular weights, 
so mass spectrometry can be used to distinguish between 
them. The first compound (called furan) has four carbon 
atoms, four hydrogen atoms and one oxygen atom, so it 
has the following molecular weight: 


MW = (4x12) + (4x1) + (16) = 68 


In contrast, the second compound (called 
cyclopentadiene) has five carbon atoms and six hydrogen 
atoms, so it has the following molecular weight: 


MW = (5x12) + (6x1) = 66 


Therefore, the mass spectrum of furan is expected to 
have a molecular ion peak at m/z = 68, while the mass 
spectrum of cyclopentadiene is expected to have a 
molecular ion peak at m/z = 66. 


ol [IO 
m/z = 68 m/z = 66 


(b) The first compound (benzene) has six carbon atoms 
and six hydrogen atoms, so it has the following 
molecular weight: 


MW = (6x12) + (6x1) = 78 
In contrast, the second compound (pyridine) has five 


carbon atoms, five hydrogen atoms, and one nitrogen 
atom, so it has the following molecular weight: 


MW = (5x12) + (5x1) + (14) = 79 


These compounds have different molecular weights, so 
mass spectrometry can be used to distinguish between 
them. Specifically, the mass spectrum of benzene is 
expected to have a molecular ion peak at m/z = 78, while 
the mass spectrum of pyridine is expected to have a 
molecular ion peak at m/z = 79. 


14.19. 

(a) This compound does not have any nitrogen atoms. 
According to the nitrogen rule, this compound must have 
an even molecular weight. 

With five carbon atoms, ten hydrogen atoms and one 
oxygen atom, the molecular weight is calculated as 
follows: 


MW = (5x12) + (10x1) + (16) = 86 


Therefore, we expect the molecular ion peak to appear at 
m/z = 86. 


(b) This compound does not have any nitrogen atoms. 
According to the nitrogen rule, this compound must have 
an even molecular weight. 

With five carbon atoms, eight hydrogen atoms and two 
oxygen atoms, the molecular weight is calculated as 
follows: 


MW = (5x12) + (8x1) + (2x16) = 100 


Therefore, we expect the molecular ion peak to appear at 
m/z = 100. 


(c) This compound has one nitrogen atom. According to 
the nitrogen rule, this compound must have an odd 
molecular weight, because it has an odd number of 
nitrogen atoms. 

With six carbon atoms, fifteen hydrogen atoms and one 
nitrogen atom, the molecular weight is calculated as 
follows: 


MW = (6x12) + (15x1) + (14) = 101 


Therefore, we expect the molecular ion peak to appear at 
m/z = 101. 
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(d) This compound has two nitrogen atoms. According 
to the nitrogen rule, this compound must have an even 
molecular weight, because it has an even number of 
nitrogen atoms. 

With five carbon atoms, fourteen hydrogen atoms and 
two nitrogen atoms, the molecular weight is calculated as 
follows: 


MW - (5x12) + (14x1) + (2x14) = 102 


Therefore, we expect the molecular ion peak to appear at 
m/z — 102. 


14.20. 

(a) In order to determine the number of carbon atoms in 
the compound, we compare the relative heights of the 
(M+1)** peak and the (M)"* peak, like this: 


1-796 
38.3 96 


X 10096 = 4.4% 


This means that the (M+1)** peak is 4.4% as tall as the 
(M)'* peak. Recall that each carbon atom in the 
compound contributes 1.1% to the height of the (M—-1)* 
peak, so we must divide by 1.196 to determine the 
number of carbon atoms in the compound: 


4.4 96 
Number of C = ay 4 


The compound contains four carbon atoms, which 
account for 4 x 12 = 48 amu (atomic mass units), but the 
molecular weight is 72 amu. So we must account for the 
remaining 72 — 48 = 24 amu. The molecular formula 
cannot be C4H24, because a compound with four carbon 
atoms cannot have that many hydrogen atoms (we will 
see in Section 14.16 that if n represents the number of 
carbon atoms, the maximum number of hydrogen atoms 
is 2n+2). 

Therefore, there must be another element present. It 
cannot be a nitrogen atom as that would give an odd 
molecular weight (the nitrogen rule). So we try oxygen 
(16 amu), leaving only 8 amu for hydrogen atoms. This 
gives the following proposed molecular formula: 
C4Hg0. 


(b) In order to determine the number of carbon atoms in 
the compound, we compare the relative heights of the 
(M+1)** peak and the (M)** peak, like this: 


4.3% 
100 % 


x 10096 = 4.3% 


This means that the (M+1)** peak is 4.3% as tall as the 
(M)" peak. Recall that each carbon atom in the 
compound contributes 1.1% to the height of the (M--1)* 
peak, so we must divide by 1.196 to determine the 
number of carbon atoms in the compound: 
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The compound cannot have 3.9 carbon atoms. It must 
have a whole number, so we round to the nearest whole 
number, which is 4. 

The compound contains four carbon atoms, which 
account for 4 x 12 — 48 amu (atomic mass units), but the 
molecular weight is 68 amu. So we must account for the 
remaining 68 — 48 = 20 amu. The molecular formula 
cannot be C4H20, because a compound with four carbon 
atoms cannot have that many hydrogen atoms (we will 
see in Section 14.16 that if n represents the number of 
carbon atoms, the maximum number of hydrogen atoms 
is 2n*2). 

Therefore, there must be another element present. It 
cannot be a nitrogen atom as that would give an odd 
molecular weight (the nitrogen rule). So we try oxygen 
(16 amu), leaving only 4 amu for hydrogen atoms. This 
gives the following proposed molecular formula: 
C4H40. 


(c) In order to determine the number of carbon atoms in 
the compound, we compare the relative heights of the 
(M--1)** peak and the (M)** peak, like this: 


4.696 
100 96 


X 10096 = 4.696 


This means that the (M+1)** peak is 4.6% as tall as the 
(M) peak. Recall that each carbon atom in the 
compound contributes 1.1% to the height of the (M--1)* 
peak, so we must divide by 1.196 to determine the 
number of carbon atoms in the compound: 


4.6 96 


Number of C = 1496 


2445-44 


The compound cannot have 4.15 carbon atoms. It must 
be a whole number, so we round to the nearest whole 
number, which is 4. That is, the compound contains four 
carbon atoms, which account for 4 x 12 — 48 amu 
(atomic mass units), but the molecular weight is 54 amu. 
So we must account for the remaining 54 — 48 = 6 amu. 
This indicates six hydrogen atoms, giving the following 
proposed molecular formula: C4H6. 


(d) In order to determine the number of carbon atoms in 
the compound, we compare the relative heights of the 
(M+1)** peak and the (M)"* peak, like this: 


1.5 96 
19.0 96 


X 100% = 7.9 96 


This means that the (M+1)** peak is 7.9% as tall as the 
(M) peak. Recall that each carbon atom in the 
compound contributes 1.1% to the height of the (M--1)* 
peak, so we must divide by 1.196 to determine the 
number of carbon atoms in the compound: 


7.9 96 
1.1% 


Number of C = 27247 


The compound cannot have 7.2 carbon atoms. It must be 
a whole number, so we round to the nearest whole 
number, which is 7. That is, the compound contains 
seven carbon atoms, which account for 7 x 12 = 84 amu 
(atomic mass units), but the molecular weight is 96 amu. 
So we must account for the remaining 96 — 84 — 12 amu. 
This indicates twelve hydrogen atoms, giving the 
following proposed molecular formula: C7Hi. 


14.21. The molecular formula of the first structure is 
CioHisO, while the molecular formula of the second 
structure is CoHi4O2. Each compound is expected to 
exhibit a molecular ion at m/z — 154, so the location of 
the parent signal cannot be used to differentiate these 
compounds. Instead, we can use the relative abundance 
of the (M+1)* peak. The following calculations show 
that the observed data are more consistent with a 
compound containing 10 carbon atoms, rather than 9. 


O 
“a expected abundance of (M+1)*° 


10 x 1.1% = 11% of (M)** 
(M+1)** = 0.11 x 17.8% 


10 carbon atoms (M*1)** = 2.096 


Pg 


9 carbon atoms 


expected abundance of (M+1)** 
9 x 1.196 2 9.996 of (M) ** 
(M*1)** = 0.099 x 17.8% 
(M*1)** = 1.896 


The first structure is expected to give an (M+1)™ peak 
with a relative abundance of 2.096. Therefore, we 
conclude that the first structure is cis-rose oxide: 


Z (0) 


cis-Rose oxide 


When comparing the relative abundance of the (M1) 
peaks in this particular case, the expected difference is 
quite small (1.8% vs. 2.0%), so other techniques will be 
more useful for differentiating these compounds, 
including high-resolution mass spectrometry (Section 
14.13). 

As a side note, these compounds can be easily 
distinguished by their strong odors:  cis-rose oxide 
smells like roses, and the other compound 
(bicyclononalactone) smells like coconut! 


14.22. 
(a) The m/z = 77 fragment corresponds to M — 79, which 
is formed by loss of a Br atom. So the fragment does not 


contain Br. Also, the fragment has a smaller mass than a 
single Br atom (77 < 79). 


(b) Loss of a bromine radical from the molecular ion 
generates a phenyl cation, as shown: 


m/z = 156 m/z - 77 

Note: This type of fragmentation readily occurs under 
the high-energy conditions in a mass spectrometer, but 
this process is generally not otherwise observed, because 
phenyl carbocations are generally too high in energy to 
form at an appreciable rate during reactions performed in 
the laboratory. 


14.23. 

(a) There is not a significant (M+2)" peak, so neither 
bromine nor chlorine is present. 
(b) There is not a significant (M+2)* peak, so neither 
bromine nor chlorine is present. 

(c) The (M+2)™ peak is approximately equal in height to 
the molecular ion peak, indicating the presence of a 
bromine atom. 

(d) The (M+2)* peak is approximately one-third as tall 
as the molecular ion peak, indicating the presence of a 
chlorine atom. 


14.24. 

(a) A peak at M — 57 indicates the loss of a four-carbon 
radical fragment, which can result in the formation of a 
tertiary carbocation, as shown. This stable, tertiary 
carbocation is the fragment responsible for the base peak 


at M — 57: 
m T 
[9] . 


(M-57) 


J 


This bond 
is cleaved 


Remember that the uncharged fragment (the n-butyl 
radical) is not detected by the mass spectrometer. 


(b) This carbocation is tertiary, and its formation is 
favored over the other possible (less stable) secondary 
and primary carbocations. 

(c) They readily fragment to produce tertiary carbo- 
cations. 

(d) M — 15 corresponds to loss of a methyl group. 
Indeed, loss of a methyl group would also produce a 
tertiary carbocation, but that pathway is less favorable 
because it involves formation of a methyl radical (which 
is less stable than a primary radical). 


14.25. A fragment at M — 29 (loss of an ethyl group) 
corresponds to a cleavage of the molecular ion: 
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HO» 
ON a-cleavage 
molecular ion 
.© - 
HOD HO: HC 


resonance-stabilized 
(M-29) 


and a fragment at M — 18 (loss of water) should result 
from dehydration of the molecular ion: 


96H " 
T ——- A + HO 


molecular ion (M —18) 


14.26. Fragmentation of the molecular ion, as shown 
below, results in the formation of a tertiary carbocation, 
as shown: 


Qr AU 


This bond 
is cleaved 


Notice that this fragmentation results in a tertiary 
carbocation as well as a secondary radical. No other 
possible fragmentation results in more stable fragments, 
so we expect this fragmentation to occur more often than 
any other possible fragmentation. As a result, the signal 
at M — 43 (corresponding to the tertiary carbocation) is 
expected to be the most abundant signal in the spectrum 
(the base peak). 


14.27. In the first spectrum, the base peak appears at 
M - 29 (m/z = 83), signifying the loss of an ethyl group. 
Therefore, this spectrum is consistent with 
ethylcyclohexane. The second spectrum has a peak at M 
— 15 (m/z = 97), signifying the loss of a methyl group. 
So the second spectrum is consistent with 1,1- 
dimethylcyclohexane. 


1428. 

(a) If atomic masses are rounded to the nearest whole 
number, then both of these compounds have the same 
molecular weight (126). However, when measured to 
four decimal places, these compounds do not have the 
same exact mass, and the difference is detectable via 
high-resolution mass spectrometry. 
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OH 4. n 
HO OH 


m/z = 126.0315 m/z = 126.1404 


The calculation for each compound is shown here: 


C6H603 
(6x12.0000) + (6x1.0078) + (3x15.9949) 
= 126.0315 amu 


CoHis 
(9x12.0000) + (18x1.0078) 
= 126.1404 amu 


(b) If atomic masses are rounded to the nearest whole 
number, then both of these compounds have the same 
molecular weight (112). However, when measured to 
four decimal places, these compounds do not have the 
same exact mass, and the difference is detectable via 
high-resolution mass spectrometry: 


[e] +. +° 
EE Í 
O 


m/z = 112.0522 m/z = 112.1248 


The calculation for each compound is shown here: 


CoHsO2 
(6x 12.0000) + (8x1.0078) + (2x15.9949) 
= 112.0522 amu 


CsH 6 
(8x12.0000) + (16x1.0078) 
= 112.1248 amu 


14.29. 

(a) The first compound (a phenol) should have a broad 
signal between 3200 and 3600 cm'!, corresponding with 
O-H stretching. The second compound (an alkane) will 
not have such a signal. 

(b) The first compound (a diketone) should have a 
strong signal around 1720 cm’, corresponding with C=O 
stretching. In contrast, the second compound (a 
tetrasubstituted alkene) will have a weak signal at around 
1650 cm'!, corresponding to the C=C bond. Note that 
this alkene does NOT have any Cs»—H bonds, so no 
signals at around 3100 cm! are expected in its IR 
spectrum. 


14.30. 

(a) A compound with six carbon atoms would require 
(2x6) + 2 = 14 hydrogen atoms (2n+2) to be fully 
saturated. This compound has only ten hydrogen atoms, 
so four hydrogen atoms are missing. The compound 
therefore has two degrees of unsaturation (HDI = 2). 


(b) A compound with five carbon atoms would require 
(2x5) + 2 = 12 hydrogen atoms (2n+2) to be fully 
saturated (the presence of the oxygen atom does not 
affect this calculation). This compound has only ten 
hydrogen atoms, so two hydrogen atoms are missing. 
Therefore, the compound has one degree of unsaturation 
(HDI = 1). 


(c) A compound with the molecular formula CsHoN is 
expected to have the same HDI as a compound with the 
molecular formula CsHs. With five carbon atoms, the 
compound would need to have twelve hydrogen atoms to 
be fully saturated (27-2). With only eight hydrogen 
atoms, four are missing, representing two degrees of 
unsaturation (HDI = 2). 


(d) A compound with the molecular formula C3HsClO is 
expected to have the same HDI as a compound with the 
molecular formula C3H6 (Cl is treated like H, while O is 
ignored). With three carbon atoms, the compound would 
need to have eight hydrogen atoms to be fully saturated 
(2n+2). With only six hydrogen atoms, two are missing, 
representing one degree of unsaturation (HDI = 1). 


(e A compound with ten carbon atoms would require 
(2 x 10) + 2 = 22 hydrogen atoms (2n+2) to be fully 
saturated. This compound has only twenty hydrogen 
atoms, so two hydrogen atoms are missing. The 
compound therefore has one degree of unsaturation 
(HDI 7 1). 


(f) A compound with the molecular formula C4HsBr» is 
expected to have the same HDI as a compound with the 
molecular formula C4Hs (each Br is treated like an H). 
With four carbon atoms, the compound would need to 
have ten hydrogen atoms to be fully saturated (21142). 
With only eight hydrogen atoms, two are missing, 
representing one degree of unsaturation (HDI = 1). 


(g) A compound with six carbon atoms would require 
(2x6) + 2 = 14 hydrogen atoms (2n+2) to be fully 
saturated. This compound has only six hydrogen atoms, 
so eight hydrogen atoms are missing. The compound 
therefore has four degrees of unsaturation (HDI — 4). 


(h) A compound with the molecular formula C2Cle is 
expected to have the same HDI as a compound with the 
molecular formula C2H6 (each Cl is treated like an H). 
With two carbon atoms, the compound would need to 
have six hydrogen atoms to be fully saturated (2n42). 
No hydrogen atoms are missing, representing zero 
degrees of unsaturation (HDI = 0). 


(i) A compound with the molecular formula C2H4O» is 
expected to have the same HDI as a compound with the 
molecular formula C2H4 (the oxygen atoms can be 
ignored for purposes of calculating HDI). With two 
carbon atoms, the compound would need to have six 
hydrogen atoms to be fully saturated (2n+2). With only 
four hydrogen atoms, two are missing, representing one 
degree of unsaturation (HDI = 1). 


(j) A compound with the molecular formula 
CiooH200Cl2O16 is expected to have the same HDI as a 
compound with the molecular formula C100H202 (each Cl 
is treated like an H, and all of the oxygen atoms are 
ignored). With 100 carbon atoms, the compound would 
need to have 202 hydrogen atoms to be fully saturated 
(2n+2). No hydrogen atoms are missing, representing 
zero degrees of unsaturation (HDI = 0). 


14.314. A compound with the molecular formula 
C3HsClO2 is expected to have the same HDI as a 
compound with the molecular formula C3H6 (the Cl is 
treated like an H, and both oxygen atoms are ignored). 
With three carbon atoms, the compound would need to 
have eight hydrogen atoms to be fully saturated (2n+2). 
Both C3HsCIO? and C3H6 are missing two hydrogen 
atoms, corresponding to one degree of unsaturation. The 
formula C3HsO is fully saturated, and the formula 
C3HsNOz has two degrees of unsaturation. 


14.32. Strigol has four rings (numbered below) and five 
double bonds (highlighted below), for a total hydrogen 
deficiency index of nine: 


; H o' 5O 
YH 
3 
H oD, 


This compound has 19 carbon atoms. If saturated, a 
compound with 19 carbon atoms would have 40 
hydrogen atoms [(19 x 2) + 2], but an HDI of nine means 
that 18 hydrogen atoms are missing. So there must be 22 
hydrogen atoms in the formula (40 — 18 = 22). 

Inspection of the structure also reveals six oxygen atoms, 
so the molecular formula of strigol must be Ci9H2206. 


14.33. The range between 1600 and 1850 cm“! is 
associated with the stretching of double bonds. Each of 
the compounds in this problem exhibits at least one 
double bond, if not two. 
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(a) The ketone carbonyl group is conjugated so it is 
expected to produce a signal near 1680 cm!. The C=C 
double bond is conjugated so it is expected to produce a 
signal near 1600 cm'!. 
~ 1680 cm” 
^ 1600 cm“! 
(0) 


(b) The ketone carbonyl group is isolated (not 
conjugated) so it is expected to produce a signal near 
1720 cm!. The C=C double bond is also isolated so it is 
expected to produce a signal near 1650 cm’. 


^ 1720 cm! 


^ 1650 cm! 


(c) The carbonyl group of an ester will typically produce 
a signal near 1735 cm'!. 


6 ~ 1735 em! 


i9 


(d) The carbonyl group of the ester is conjugated so it is 
expected to produce a signal near 1710 cm!. The C=C 
double bond is conjugated so it is expected to produce a 


signal near 1600 cm'!. 


- 1710 cm" 


~ 1600 cm’! | O 


14.34. The signals at highest wavenumber are expected to be associated with X—H bonds (because hydrogen has the 
lowest atomic mass). Among the list of bonds in the problem statement, there are three bonds that belong to this 
category (O-H, N-H, and C-H). These three bonds are expected to produce signals at approximately 3600, 3400, and 
3100 cm", respectively. Among the remaining bonds, the triple bond has the next highest wavenumber, followed by 
the double bonds (the C=O bond has a higher wavenumber than the C=C bond), followed by the C—O single bond. 


Increasing Wavenumber 


"Y 


~ 3600 cm"! 


^y 


~ 3400 cm! ~ 3100 om^ 


~ 2200 om^ 


R-C=N 


TIT 


~ 1720 cm’ -1650cm^ =~ 1000 cm 
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14.35. 

(a) In addition to the Csp'—-H stretching signals that are 
expected to appear just below 3000 cm”, the C=N bond 
and the C=O bond should each produce a signal in the 
double bond region (1600-1850 cm). 


(b) In addition to the Cs»—H stretching signals that are 
expected to appear just below 3000 cmr!, the C;»-H 
bond should produce a signal near 3100 cnr!, and the 
C=C bond should produce a signal in the double bond 
region (~ 1650 cm). 


(c) In addition to the Cs»—H stretching signals that are 
expected to appear just below 3000 cmr!, the Cs»-H 
bonds should produce a signal near 3100 cm”, and the 
C=C bond and the C=O bond should each produce a 
signal in the double bond region (1600-1850 cm). The 
two C=C bonds should also produce two signals around 
2200 cm:!, and the C;-H bond should produce a signal 
around 3300 cm'!. 


(d) In addition to the Cs»—H stretching signals that are 
expected to appear just below 3000 cm”, the C=O bond 
should produce a signal in the double bond region 
around 1715 cnr!, and the O-H of the carboxylic acid 
group should produce a very broad signal from 2200— 
3600 cm". 


14.36. 

(a) The IR spectrum of the alkene reactant should have 
a signal near 1650 cm’! (for the C=C bond) and a signal 
near 3100 cm! (for the C-H bond). In contrast, the 
IR spectrum of the alkane product should not exhibit 
either of these signals. 


(b) TheIR spectrum of the alcohol reactant should have 
a broad signal from 3200-3600 cm'! (for the O-H bond), 
while the IR spectrum of the ketone product should not 
exhibit this signal, and instead should have a strong 
signal near 1720 cm! (for the C=O bond). 


(c) The C=O bond of an ester should produce a signal at 
higher wavenumber (~1735 cm!) than the signal 
associated with the C=O bond of a ketone (~1720 cm). 


(d) The IR spectrum of the alkene reactant should have 
a signal near 1650 cm'! (for the C=C bond) and a signal 
near 3100 cm! (for the C;»-H bonds). In contrast, the 
IR spectra of the ketone and aldehyde products should 
not exhibit either of these signals. Instead, they should 
have signals near 1720-1730 cm! (for the C=O bonds). 


(e) The IR spectrum of the alkene product should have 
a signal near 1650 cm’! (for the C=C bond) and a signal 
near 3100 cm! (for the C-H bond). In contrast, the 
IR spectrum of the alkyl halide reactant should not 
exhibit either of these signals. 


14.37. 

(a) The IR spectrum of this ketone is expected to exhibit 
Cs»-H signals just below 3000 cm'!, and a C=O signal 
near 1720 cm’. 


(b) The IR spectrum of this conjugated ketone is 
expected to exhibit C;»—-H signals just below 3000 cm", 
a Cs?—H signal near 3100 cmr!, a C=O signal near 1680 
cm! (conjugated), and a C=C signal near 1600 cm! 
(conjugated). 


(c) The IR spectrum of this ketone is expected to exhibit 
Cs»-H signals just below 3000 cmr!, a Cs»-H signal 
near 3100 cmr!, a C=O signal near 1720 cm"! and a C=C 
signal near 1650 cm'!. 


(d) The IR spectrum of this alcohol is expected to 
exhibit C;»-H signals just below 3000 cm, a Cs-H 
signal near 3100 cm'!, a C=C signal near 1650 cm'! and a 
broad O-H signal in the range of 3200-3600 cm". 


(e) The IR spectrum of this carboxylic acid is expected 
to exhibit Csp\-H signals just below 3000 cm'!', a C=O 
signal near 1715 cm’! and an extremely broad O-H signal 
in the range of 2200-3600 cm". 


(f) The IR spectrum of this keto-alcohol is expected to 
exhibit Cs»—H signals just below 3000 cm'!, a C=O 
signal near 1720 cm! and a broad O-H signal in the 
range of 3200-3600 cm'!. 


14.38. The molecular ion peak appears at m/z — 86, so 
the compound must have a molecular weight of 86 amu. 
Each carbon atom contributes 12 amu, and each 
hydrogen atom contributes 1 amu. So, we begin by 
considering the following possibilities, each of which has 
one degree of unsaturation (as required by the problem 
statement). 


C4Hs = (4x12) + (8x1) = 56 amu 
C5Hio = (5x12) + (10x1) = 70 amu 
CoHi2 = (6x12) + (12x1) = 84 amu 


None of these possibilities exhibits the correct molecular 
weight. The closest is CsHi2, but we are short by two 
amu (86 — 84 = 2 amu). If we add two hydrogen atoms 
(to give CeHi4) then the compound will no longer have 
one degree of unsaturation (it would be fully saturated). 
So, we consider CsH10, which has a molecular weight of 
70 amu. In order to get this number up to 86, we are 
missing 16 amu, which is exactly the weight of an 
oxygen atom. So, a compound with the molecular 
formula C5H100 will have a molecular weight of 86 amu 
(and still has one degree of unsaturation, because the 
insertion of an oxygen atom does not affect the HDI). 
There are certainly many acceptable answers to this 
problem. For example, a compound with the molecular 
formula C4HioN2 will have a molecular weight of 86 
amu and its structure will have one degree of 
unsaturation. 


14.39. The problem statement indicates that the 
(M+1)** peak is 10% as tall as the (M)** peak. Recall 
that each carbon atom in the compound contributes 1.196 
to the height of the (M+1)** peak, so we must divide by 
1.1% to determine the number of carbon atoms in the 
compound: 

10 96 

1.1 96 


Number of C = 2941-49 


The compound cannot have 9.1 carbon atoms. It must be 
a whole number, so we round to the nearest whole 
number, which is nine. That is, the compound contains 
nine carbon atoms. 


14.40. We begin by determining the molecular formula 
and molecular weight of each compound: 


CI NH» OH Br 
CeHsCl CeHzN CeHeO CeHsBr 
(MW=112) (MW=93) (MW=94)  (MW- 156) 


Each of these compounds has a different molecular 
weight, so we should be able to use match each 
compound with its spectrum if we focus on the 
molecular ion peak in each case. 

Chlorobenzene (CeHsCI) is consistent with spectrum (b) 
which has an (M)** peak at m/z = 112, as well as an 
(M-2) peak that is one-third the height of the (M)* 
peak (characteristic of an organochloride). 

Aniline (CeHzN) is consistent with spectrum (c) which 
has an (M)** peak at m/z = 93 (which is an odd number, 
consistent with the nitrogen rule). 

Phenol (C6HsO) is consistent with spectrum (a) which 
has an (M)** peak at m/z = 94. 

Bromobenzene (CcHsBr) is consistent with spectrum (d) 
which has an (M)** peak at m/z = 156, as well as an 
(M+2)** peak that is approximately the same height as 
the (M)** peak (characteristic of an organobromide). 


14.41. 

(a) The broad signal between 3200 and 3600 cm! 
indicates the presence of an OH group. The signals 
between 1600 and 1700 cmr! indicate the presence of 
double bonds. 

(b) In order to determine the number of carbon atoms in 
the compound, we compare the relative heights of the 
(M+1)** peak and the (M)"* peak, like this: 


3.9 96 
27.2 96 


x 10096 = 14.3 96 


This means that the (M+1)** peak is 14.3% as tall as the 
(M) peak. Recall that each carbon atom in the 
compound contributes 1.1% to the height of the (M+1)** 
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peak, so we must divide by 1.1% to determine the 
number of carbon atoms in the compound: 


14.3 % 


Number of = 11% 


= 13 


Our analysis reveals that the compound likely has 
thirteen carbon atoms. 


(c) The molecular ion peak appears at m/z = 196, so the 
compound must have a molecular weight of 196 amu. 
Each carbon atom contributes 12 amu, and each 
hydrogen atom contributes 1 amu. So, we begin by 
considering the following possibilities, each of which has 
two degrees of unsaturation (as required by the problem 
statement). 


Ci2H22 = (12x12) + (22x1) = 166 amu 
CisHo4 = (13x12) + (24x1) = 180 amu 
Ci4Hoe = (14x12) + (26x1) = 194 amu 


None of these possibilities exhibits the correct molecular 
weight. The closest is Ci4He, but we are short by two 
amu (196 — 194 — 2 amu). If we add two hydrogen 
atoms (to give Ci4Hog), then the compound will no 
longer have two degrees of unsaturation (it would only 
have one degree of unsaturation). So, we consider 
Ci3H24, which has a molecular weight of 180 amu. In 
order to get this number up to 196, we are missing 16 
amu, which is exactly the weight of an oxygen atom. So, 
a compound the molecular formula Ci3H24O will have a 
molecular weight of 196 amu (and still has two degrees 
of unsaturation, because the insertion of an oxygen atom 
does not affect the HDI). 


14.42. 
(a) Each of these compounds has the molecular formula 


C6H12. 
© P 


cyclohexane 2-methyl-2-pentene 
(CoH 12) (CaH42) 


(b) A compound with six carbon atoms would require 
(6x2) + 2 = 14 hydrogen atoms (25-2) to be fully 
saturated. Each of these compounds has only twelve 
hydrogen atoms, so each compound is missing two 
hydrogen atoms. Therefore, each of these compounds 
has one degree of unsaturation (HDI = 1). Alternatively, 
inspection of each structure also reveals the answer: 
cyclohexane has one ring, and 2-methyl-2-pentene has 
one x bond. 


(c) No. Both compounds have exactly six carbon atoms 
and twelve hydrogen atoms, so each of these compounds 
will produce an (M)** peak with the same m/z, even with 
high resolution mass spectrometry. 


CoHi2 = (6x12.0000) + (12x1.0078) = 84.0936 amu 
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(d) The IR spectrum of the alkene would have a signal 
near 1650 cm! for the C=C bond and another signal near 
3100 cm! for the Csp—H bond. The IR spectrum of 
cyclohexane lacks both of these signals. 


14.43. The parent ion for 1-ethyl-1-methylcyclohexane 
is expected to appear at m/z = 126 (calculation below). 


1-Ethyl-1-methylcyclohexane 
(CoH48) 


MW of CoHis = (9x12) + (18x1) = 126 amu 


If the parent ion appears at m/z — 126, then the signal that 
appears at m/z — 111 is at (M — 15), which corresponds 
with the loss of a methyl group. The signal at m/z = 97 is 
at (M — 29), which corresponds with the loss of an ethyl 


group. Both fragmentations lead to a tertiary 
carbocation: 
e (M-15) 
Ny Ko +  *CH2ĊH3 
(M-29) 
14.44. 


(a) This fragment appears at M — 15, which corresponds 
with the loss of a methyl group. Therefore, this fragment 
still contains the bromine atom (Br). As such, we do 
expect a signal at M — 13 that is equal in height to the M 
— 15 peak (because there are two isotopes of bromine in 
roughly equal abundance). The M — 13 fragment arises 
when the M+2 molecular ion (which contains the *'Br 
isotope) loses a methyl group. 


(b) This fragment appears at (M — 29), which corresponds 
with the loss of an ethyl group. Therefore, this fragment 
still contains the bromine atom (Br). As such, we do 
expect a signal at M — 27 that is equal in height to the M 
— 29 peak (because there are two isotopes of bromine in 
roughly equal abundance). The M — 29 fragment arises 
when the M+2 molecular ion (which contains the *'Br 
isotope) loses an ethyl group. 


(c) This fragment appears at M — 79, which corresponds 
with the loss a bromine atom (Br). Therefore, the 
fragment no longer contains bromine. As such, we do 


not expect a signal at M — 77 (which we would only 
observe if the fragment still contained the bromine 
atom). If the M+2 molecular ion (which contains the 
*IBr isotope) were to lose its bromine atom, it would 
produce the same fragment as when the molecular ion 
(which contains the "?Br isotope) loses its bromine atom 
to produce the M — 79 peak. 


14.45. As seen in Chapter 7, the choice of base affects 
the regiochemical outcome. Ethoxide favors the more- 
substituted (Zaitsev) product, while tert-butoxide favors 
the less-substituted (Hofmann) product. 


NaOEt ] -—( 
Br 


Zaitsev product 


NM. {-BuOK 


Hofmann product 


The Zaitsev product is a symmetrical alkene, and as 
such, its IR spectrum will not exhibit a signal at 1650 
cnr! (where the signals for C=C bonds typically appear) 
or a signal at 3100 cm"! (because this compound contains 
no Csp—H bonds). In contrast, the Hofmann product will 
display both of these signals in its IR spectrum. 


14.46. 

(a) 

The molecular ion peak appears at m/z — 66, so the 
compound must have a molecular weight of 66 amu. 
Each carbon atom contributes 12 amu, and each 
hydrogen atom contributes 1 amu. Five carbon atoms 
will account for 60 amu, leaving 6 amu for hydrogen 
atoms. 

C5He = (5x12) + (6x1) = 66 amu 


The compound cannot have six carbon atoms, because 
that would exceed the known molecular weight (6x12 — 
72 amu). And the compound cannot have four carbon 
atoms, because then we would not reach 66 amu even if 
the compound is fully saturated: 


C4Hio = (4x12) + (10x1) = 58 amu 
A hydrocarbon with four carbon atoms cannot have more 
than ten hydrogen atoms (2112). 


(b) The molecular ion peak appears at m/z — 70, so the 
compound must have a molecular weight of 70 amu. 
Each carbon atom contributes 12 amu, and each 
hydrogen atom contributes 1 amu. The signal in the IR 
spectrum indicates the presence of a carbonyl group 
(C=O), so we must also account for at least one oxygen 
atom, which contributes 16 amu. If we start with four 
carbon atoms (4 x 12 — 48), and one oxygen atom (16), 
we get a total of 48 + 16 = 64 amu, which is just 6 amu 


short of the known molecular weight (70 amu). Six 
hydrogen atoms will supply the remaining 6 amu, giving 
the molecular formula C4H«O. 


14.47. 

(a) Octane is a saturated alkane with the molecular 
formula CsHis. The molecular weight of octane is 
calculated here: 


CsHis = (8x12) + (18x1) 


114 amu 


Therefore, the molecular ion peak is expected to appear 
at m/z — 114, and indeed, that peak can be seen in the 
spectrum. 


(b) The base peak is (by definition) the tallest peak in 
the spectrum, which appears at m/z — 43. 


(c) The base peak (at m/z — 43) corresponds with the loss 
of a radical fragment that is 114 — 43 — 71 amu. That is, 
the base peak is at (M — 71), which corresponds with the 
loss of a pentyl radical to give a propyl cation, as shown 
here. 


+ . 
den a 
This bond 
is cleaved 
[NO + ONAN 
(M-71) 
m/z = 43 


14.48. 

(a) A compound with four carbon atoms would require 
(2x4) + 2 = 10 hydrogen atoms (2n+2) to be fully 
saturated. This compound has only six hydrogen atoms, 
so four hydrogen atoms are missing. The compound 
therefore has two degrees of unsaturation (HDI = 2). 


(b) A compound with five carbon atoms would require 
(2x5) + 2 = 12 hydrogen atoms (2n+2) to be fully 
saturated. This compound has only eight hydrogen 
atoms, so four hydrogen atoms are missing. The 
compound therefore has two degrees of unsaturation 
(HDI = 2). 


(c) A compound with 40 carbon atoms would require 
(2x40) + 2 = 82 hydrogen atoms (272) to be fully 
saturated. This compound has only 78 hydrogen atoms, 
so four hydrogen atoms are missing. The compound 
therefore has two degrees of unsaturation (HDI = 2). 


(d) A compound with 72 carbon atoms would require 
(2x72) + 2 = 146 hydrogen atoms (2n-2) to be fully 
saturated. This compound has only 74 hydrogen atoms, 
so 72 hydrogen atoms are missing. The compound 
therefore has 36 degrees of unsaturation (HDI = 36). 
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(e) A compound with the molecular formula CeH6O» is 
expected to have the same HDI as a compound with the 
molecular formula C6H6 (the oxygen atoms can be 
ignored for purposes of calculating HDI). With six 
carbon atoms, the compound would need to have 
fourteen hydrogen atoms to be fully saturated (2142). 
With only six hydrogen atoms, eight are missing, 
representing four degrees of unsaturation (HDI = 4). 


(f) A compound with the molecular formula CzHoNO» is 
expected to have the same HDI as a compound with the 
molecular formula C7Hs (the oxygen atoms can be 
ignored, and we subtract one H because of the presence 
of an N). With seven carbon atoms, the compound 
would need to have sixteen hydrogen atoms to be fully 
saturated (2n+2). With only eight hydrogen atoms (in 
the equivalent C7Hs), eight are missing, representing four 
degrees of unsaturation (HDI = 4). 


(g) A compound with the molecular formula CsHioN2O 
is expected to have the same HDI as a compound with 
the molecular formula CsHs (the oxygen atom can be 
ignored, and we subtract one H for each N). With eight 
carbon atoms, the compound would need to have 
eighteen hydrogen atoms to be fully saturated (2n+2). 
With only eight hydrogen atoms (in the equivalent 
CsHs), ten are missing, representing five degrees of 
unsaturation (HDI = 5). 


(h) A compound with the molecular formula CsH7Cl: is 
expected to have the same HDI as a compound with the 
molecular formula CsHio (each Cl is treated like an H). 
With five carbon atoms, the compound would need to 
have twelve hydrogen atoms to be fully saturated (2n+2). 
With only ten hydrogen atoms (in the equivalent CsH10), 
two are missing, representing one degree of unsaturation 
(HDI = 1). 


(i) A compound with the molecular formula CeHsBr is 
expected to have the same HDI as a compound with the 
molecular formula C6H6 (Br is treated like H). With six 
carbon atoms, the compound would need to have 
fourteen hydrogen atoms to be fully saturated (272). 
With only six hydrogen atoms, eight are missing, 
representing four degrees of unsaturation (HDI — 4). 


(j) A compound with the molecular formula C6H1206 is 
expected to have the same HDI as a compound with the 
molecular formula CeHi2 (the oxygen atoms can be 
ignored for purposes of calculating HDI). With six 
carbon atoms, the compound would need to have 
fourteen hydrogen atoms to be fully saturated (2142). 
With only twelve hydrogen atoms, two are missing, 
representing one degree of unsaturation (HDI = 1). 


14.49. The compound contains only carbon atoms and 
hydrogen atoms, and there is a signal in the IR spectrum 
at 3300 cmr!, indicating a Csp-H bond. That is, the 
compound is a terminal alkyne. There are only two 
terminal alkynes with the molecular formula CsHs, 
shown here: 
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14.50. Limonene is a hydrocarbon, which means that it 
contains only carbon atoms and hydrogen atoms. That 
is, we must account for the entire molecular weight (136 
amu) with only carbon atoms (12 amu) and hydrogen 
atoms (1 amu). With two double bonds and one ring, the 
compound has three degrees of unsaturation. So, we 
begin by considering the following possibilities, each of 
which has three degrees of unsaturation (as required by 
the problem statement). 


CoHi4 = (9 x 12) + (14 x 1) = 122 amu 
CioHie = (10 x 12) + (16 x 1) = 136 amu 
CiiHis = (11 x 12) + (18 x 1) = 150 amu 


The middle possibility (CioHie) matches exactly (136 
amu). 


14.51. Let's begin by drawing the structures of the 
compounds that must be distinguished: 


1 
2)1——8 
4 Br 4 


2-Bromo- 
3-methyl-2-butene 


1-Bromo- 
3-methyl-2-butene 


Both of these compounds contain an unsymmetrical C=C 
bond that is expected to produce a signal in the range 
between 1600 and 1700 cmr!, so we cannot use that 
signal to distinguish the compounds. Next we consider 
any other signals that are expected to appear in the 
diagnostic region (1600 — 4000 cm’!). Neither compound 
has a triple bond so the region between 2100 and 2300 
cnr! won't be helpful. So we look to the region of the 
spectrum that has signals from X-H bonds. The first 
compound does indeed have a Csp—H bond that is absent 


in the second compound: 
"et = 
H Br 
no Cae -H 


Cs -H 


As such, the IR spectrum of the first compound is 
expected to exhibit a signal near 3100 cm'!, while the IR 
spectrum of the second compound is not expected to 
have any signals above 3000 cm. These compounds 
can therefore be distinguished by looking for a signal at 


3100 cm”! in the IR spectrum of each compound. 


14.52. The compound can exhibit intramolecular 
hydrogen bonding even in dilute solutions, as shown 
here: 


intramolecular 
hydrogen bonding 


An 
H 
"o" `o 
ee ee 
2 4 


14.53. Each carbon atom contributes 1.1% to the 
(M+1)* peak, so with eight carbon atoms, we predict the 
(M--1)* peak to be 8.8% of the molecular ion peak. In 
addition, each nitrogen atom in the compound will 
contribute 0.37% to the (M--1)" peak. Three nitrogen 
atoms therefore contribute the same amount (1.196) as 
one carbon atom. A compound with the molecular 
formula CsHi1Ns should have an (M-1)* peak that is 
9.9% as tall as the molecular ion peak. If the molecular 
ion peak is 24% of the base peak, then the (M--1)* peak 
is expected to be 2.4% of the base peak. 


14.54. A compound with the molecular formula CAHsO 
is expected to have the same HDI as a compound with 
the molecular formula C4Hs (the oxygen atom can be 
ignored for purposes of calculating HDI). "With four 
carbon atoms, the compound would need to have ten 
hydrogen atoms to be fully saturated (2142). With only 
eight hydrogen atoms, two are missing, representing one 
degree of unsaturation (HDI = 1). A compound with one 
degree of unsaturation must contain either one double 
bond or one ring (but not both). The IR spectrum 
indicates the presence of a C=O bond, which accounts 
for the one degree of unsaturation (this means that the 
compound does NOT have a ring). 

In the absence of a ring, there are only two ways to 
connect four carbon atoms (linear or branched): 


A 


Branched 


PRAIS 


Linear 


Let’s begin with the linear skeleton. There are two 
unique locations on the linear skeleton where a C=O 
bond can be placed (either at C1 or at C2): 


Placing the C=O bond at C3 would be the same as 
placing it at C2. Similarly, placing the C=O bond at C4 
would be the same as placing it at C1. 

Next we turn to the branched skeleton. We cannot place 
a C=O bond at the central position, because that would 
violate the octet rule: 


A, 


î 


C=O bond can't be here, 
because carbon can't have five bonds 


And the remaining three positions are all identical. 
Placing the C=O bond at any of these three positions will 
give the same aldehyde: 


H 


Oo 


In summary, there are only three possible structures that 
have the molecular formula C4HsO and contain a C=O 
group: 


des EA. 3e , 


14.55. A compound with the molecular formula C4HsO 
is expected to have the same HDI as a compound with 
the molecular formula C4Hs (the oxygen atom can be 
ignored for purposes of calculating HDI). With four 
carbon atoms, the compound would need to have ten 
hydrogen atoms to be fully saturated (2n+2). With only 
eight hydrogen atoms, two are missing, representing one 
degree of unsaturation (HDI = 1). A compound with one 
degree of unsaturation must contain either one double 
bond or one ring (but not both). The IR spectrum does 
not have signals between 1600 and 1850 cm”, which 
indicates the absence of either a C=O bond or an 
unsymmetrical C=C bond. Therefore, the structure 
likely contains a ring. With four carbon atoms, there are 
only two different types of rings that are possible (a four- 
membered ring or a three-membered ring): 


O Á 


The broad signal between 3200-3600 cm! indicates an 
OH group, so our structure must include an OH group. 
There is only one unique location where an OH group 
can be placed on a four-membered ring: 


OH 


a 


Placement of the OH group at any other location would 
give the same compound (cyclobutanol). However, there 
are three unique locations where the OH group can be 
placed on the other skeleton (containing the three- 
membered ring): 
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A 


Our methodical analysis has revealed that there are four 
constitutional isomers with the molecular formula CsHsO 
that contain one ring and an OH group: 


OH 
oo N 
OH 
Four possible 
stereoisomers 


14.56. A signal at 2200 cm” signifies the presence of a 
C=C bond. There are only two possible constitutional 
isomers: 1-butyne or 2-butyne. 2-Butyne is symmetrical 
and would not produce a signal at 2200 cm. The 
compound must be 1-butyne. 


ma 


1-butyne 


14.57. The correct answer is (a). The IR spectrum 
shows a very broad signal in the range of 2200—3600 
cm, as well as a strong signal at 1700 cnr, indicating 
the presence of a carboxylic acid. Carboxylic acids can 
only be made via oxidation of primary alcohols (not 
secondary or tertiary). Choice (d) is not correct because 
the compound may or may be acyclic or cyclic (we lack 
the information necessary to make such a determination). 


14.58. The correct answer is (a). A peak at M — 29 
corresponds with the loss of an ethyl group. Only option 
(a) can lose an ethyl group to give a stable carbocation 
(in this case, a benzylic carbocation that is stabilized by 
resonance): 


e 


Y + os 
“CH2CH3 A benzylic 
carbocation 


14.59. The correct answer is (d). The IR spectrum has a 
narrow signal near 2100 cm“, which indicates the 
presence of a triple bond. In addition, the signal at 3300 
cmr! is consistent with a Css -H bond, which indicates 
that the compound is a terminal alkyne. 


14.60. The correct answer is (c). The presence of a 
bromine atom in bromopropane gives rise to an (M+2)" 
peak that is approximately equivalent in height to the 
molecular ion peak (due to nearly equal abundance of 
™Br and *!Br isotopes). 
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14.61. The correct answer is (d). Recall that each carbon 
atom in the compound contributes 1.1% to the height of 
the (M+1)* peak. A compound containing 17 carbon 
atoms is expected to have an M+1 signal that is 
approximately 1996 of the molecular ion abundance (17 
x 1.1% = 18.7%). 


14.62. The correct answer is (d). The starting material is 
an alcohol and is expected to produce a typical signal for 
an O-H stretch (a broad signal between 3200 and 3600 
cm’!). In contrast, the ketone product has no O-H bond 
and will not show a broad signal between 3200 and 3600 
cm’! in its spectrum. In addition, the product can be 
differentiated from the starting material by looking for a 
signal at around 1720 cm'!. The product has a C=O bond 
and should exhibit this signal. The starting material lacks 
a C=O bond and will not show a signal at 1720 cm'!. 


14.63. The correct answer is (c). The IR spectra for both 
a ketone and an ester will exhibit a signal for a C=O 
stretch, but only the spectrum of the ester exhibits a C-O 
stretch as well (~ 1100 cm’). 


c-o e» c-o =>] pe 
a ace 


ketone ester 

14.64. The correct answer is (a). The mass spectrum 
shows a molecular ion at m/z 78. This corresponds with 
option (a) which has the molecular formula CeHe (MW = 
78). Option (b) has the molecular formula CeHs (MW = 
80), option (c) has the molecular formula CeHi? (MW = 
84), and option (d) has the molecular formula C6H4 (MW 
— 76). Only option (a) has the correct molecular weight. 


14.65. The IR spectrum has a strong signal just above 
1700 cnr, which indicates that the compound has a C=O 
bond. The mass spectrum has a molecular ion peak at 
m/z — 86, which indicates a molecular weight of 86 
(CsHi00). The IR spectrum is consistent with a ketone 
rather than an aldehyde, because is lacks the aldehyde C— 
H peaks (weak signals at 2750 and 2850 cm'!). The base 
peak is at M — 43, indicating the loss of a propyl group. 
The compound likely has a three carbon chain (either a 
propyl group or an isopropyl group) as shown in the 
following two structures. 


O O 


ACA 


14.66. The IR spectrum has a signal near 2100 cm“, 
which indicates the presence of a triple bond. In 
addition, the narrow signal at 3300 cm'! is consistent 
with a Csp—H bond, which indicates that the compound is 
a terminal alkyne. The mass spectrum has a molecular 
ion peak at m/z = 68, which indicates a molecular weight 
of 68 amu. So we are looking for terminal alkynes with 
a molecular weight of 68 amu. Recall that each carbon 


atom contributes 12 amu, so five carbon atoms 
contribute 60 amu to the molecular weight, leaving just 8 
amu left for hydrogen atoms (each hydrogen atom is 1 
amu). That is, compounds with the molecular formula 
CsHs will have a molecular weight of 68 amu. This 
molecular formula is consistent with two degrees of 
unsaturation (a triple bond). 

There are two terminal alkynes with the molecular 


formula CsHs, shown here: 
= 


14.67. All of the reactions in the following sequence 
were covered in previous chapters. The starting alkyl 
chloride is a tertiary substrate and will undergo an E2 
reaction when treated with a strong base. With a base 
like ethoxide (which is not sterically hindered), the major 
product is the more-substituted alkene (the Zaitsev 
product), compound A. Hydroboration-oxidation of 
compound A gives an anti-Markovnikov addition of H 
and OH, affording alcohol B. When treated with tosyl 
chloride and pyridine, the alcohol is turned into the 
corresponding tosylate (compound C). Treatment of the 
tosylate with a sterically hindered base gives another E2 
reaction, this time giving the less-substituted alkene (the 
Hofmann product), compound D. Treating D with a 
peroxy acid, such as MCPBA, gives epoxide E. When 
the epoxide is treated with a Grignard reagent (such as 
MeMgBr), followed by aqueous acidic workup, a ring- 
opening reaction occurs in which the Grignard reagent 
attacks the less-substituted side of the epoxide, to afford 
alcohol F. The last step of the sequence is a Williamson 
ether synthesis, in which a methyl group is installed to 
give compound G. 


"xm 


Cl 
NaOEt Š 
pa 1) Hs: THF 
2) H202, NaOH 
A B OH 
TsCl, 
py 
MCPBA tBuOK 
Oo D c 
E OTs 
1) MeMgBr 
2) H,0* 
1) NaH 
—— 
2) Mel 
F OH Sp 


(a) Compound F is an alcohol and its IR spectrum will 
exhibit a broad signal between 3200 and 3600 cm“. 
Compound G is an ether and its IR spectrum will not 
exhibit the same signal. 


(b) Compound D is an alkene and its IR spectrum will 
exhibit a signal near 1650 cm’! (for the C=C bond), as 


well as a signal near 3100 cm”! (for the C;»-H bond). 
Compound E is an epoxide, and its IR spectrum will not 
have these two signals. 


(c) IR spectroscopy would not be helpful to distinguish 
these two compounds because they are both alcohols. 
Mass spectrometry could be used to differentiate these 
two compounds because they have different molecular 
weights. 


(d) Compounds A and D have the same molecular 
formula, so mass spectrometry would only be useful if 
the fragmentation patterns were expected to be very 
different. In this case, it would be difficult to 
differentiate these compounds based on their 
fragmentation patterns, because both compounds will 
have a peak at M-15 (for loss of a methyl group). So 
mass spectrometry would not be helpful to distinguish 
compounds A and D. 


14.68. The molecular formula Ca4Hs indicates an 
HDI = 1. As such, every constitutional isomer of C4Hs 
must contain either one ring or one double bond. The 
following structures are consistent with this description. 
Each of the first three constitutional isomers (shown 
here) exhibits a double bond, while each of the last two 


constitutional isomers exhibits a ring. 


Nam. 


pu pee 


Among these isomers, only one of them (1-butene) can 
lose a methyl group to form a resonance-stabilized 
carbocation at (M — 15): 


IAN 


ZN 


(M-15) 
resonance-stabilized 


So we expect the signal at M — 15 to be particularly 
abundant in the mass spectrum of 1-butene. 


14.69. As seen in the solution to Problem 2.51, there are 
four constitutional isomers with the molecular formula 
CsHoCl, shown here again: 


pi e TS Bd A gee 
Cl 
Cl Cl 
Compound A 


Only one of these four isomers, compound A, exhibits a 
chiral center. When compound A is treated with a strong 
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base, the following three alkenes are formed (B, C, and 
D): 


Cl 
D NaOEt 
(racemic) 


Compounds B and C are diastereomers (cis vs. trans), 
with the more stable trans alkene being favored as the 
major product. That leaves the minor product D, which 
is an unsymmetrical alkene. Accordingly, we do expect 
that the C=C bond will have a small dipole moment, so 
there should be a signal near 1650 cm! in the IR 
spectrum of compound D. 


14.70. In order to determine the pattern of signals that 
we expect in the mass spectrum of a compound with two 
chlorine atoms, we must quickly review the reason for 
the pattern of signals that are observed for a compound 
with only one chlorine atom. Let's first imagine that all 
chlorine atoms had the same mass (35 amu). In such a 
hypothetical world, we would see the (M)** peak, but we 
would not observe a significant (M+2)"* peak. However, 
all chlorine atoms are not the same mass, because there 
are two naturally abundant isotopes: ??Cl and ?"Cl. The 
37Cl isotope represents approximately 1⁄4 of all chlorine 
atoms in the world. As such, approximately 4 of the 
molecular ions (for a compound with one chlorine atom) 
will contain an atom of ?"Cl instead of °C. This causes 
'4 of the signal to be moved from (M)** to (M+2)**. 


(p (eZ) Me» 


This gives the following familiar pattern of signals, in 
which the (M+2)** peak is approximately 1/3 the height 
of the (M)** peak: 
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-— 


(M — (M32 


This is the characteristic pattern of signals for a 
compound with one chlorine atom. 

Now let's consider a compound with two chlorine atoms. 
We will begin with the pattern of signals above, and 
determine how this pattern changes if the parent ion has 
two chlorine atoms, rather than just one. Once again, 4 
of each peak is moved up by two m/z units, because in 1⁄4 
of all of those ions, the second chlorine atom will be 37C1 
rather than ??CI. 


T 
(Mn 


[- 
| 
T T 


This gives the following pattern of signals at M, M+2, 
and M+4. 


T 
(5^ — (M«2" — (Ms) 


(M (Mayr («5 


Below is a mathematical analysis that provides the same 
answer as shown above. 


Each Cl atom has a 75% chance of being *°Cl and a 2596 
chance of being ?"Cl. Therefore, 

e the odds that both Cl atoms are the ??CI isotope 
(corresponding to the M peak) = (.75)(.75) = 
56% 

e the odds of having one Cl atom of each isotope 
(two possible combinations for M+2) = 
(.75)(.25) + (.25)(.75) = 38% 

e the odds that both Cl atoms are the ?"CI isotope 
(corresponding to the M+4 peak) = (.25)(.25) = 
6% 

The ratio of the three peaks (M : M+2 : M+4) will be 
56:38:6 (approximately 9:6:1). This analysis matches 
the figure above. 


14.71. The OH group in ephedrine can engage in 
intramolecular hydrogen bonding, even in dilute 
solutions. 

intramolecular 


hydrogen bonding 
H 
o^ H 
N N 


14.72. In order to determine the pattern of signals that 
we expect in the mass spectrum of a compound with two 
bromine atoms, we must quickly review the reason for 
the pattern of signals that are observed for a compound 
with only one bromine atom. Let’s first imagine that all 
bromine atoms had the same mass (79 amu). In such a 
hypothetical world, we would see the (M)** peak, but we 
would not observe a significant (M+2)"* peak. However, 
all bromine atoms do not have the same mass, because 
there are two naturally abundant isotopes: "Br and ?!Br. 
Each isotope represents approximately half of all 
bromine atoms in the world. As such, approximately 
half of the parent ions (for a compound with one bromine 
atom) will contain an atom of *!Br instead of ?Br. This 
causes approximately half of the signal to be moved 
from (M)** to (M+2)**. 


T T T T 3 
(M — Mez2n (May 


This gives the following familiar pattern of signals, in 
which the (M+2)** peak is approximately the same 
height as the (M)** peak: 


;}— 


T 
(My Mw 


This is the characteristic pattern of signals for a 
compound with one bromine atom. 

Now let’s consider a compound with two bromine atoms. 
We will begin with the pattern of signals above, and 
determine how this pattern changes if the parent ion has 
two bromine atoms, rather than just one. Once again, 
half of each peak is moved up by two m/z units, because 
in half of all of those ions, the second bromine atom will 
be *!Br rather than Br. 


T 
(Mn 


; T T 


(M — M3 


This gives the following pattern of signals at M, M22, 
and M44. 
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x 


T T 
(5 — (M2* — (M+4) 


Below is a mathematical analysis that provides the same 
answer as shown above. 

Each Br atom has (approximately) a 5096 chance of 
being Br and a 50% chance of being *'Br. Therefore, 

e the odds that both Br atoms are the Br 
isotope (corresponding to the M peak) — 
(.50)(.50) = 25% 

e the odds of having one Br atom of each isotope 
(two possible combinations for M+2) = 
(.50)(.50) + (.50)(.50) = 50% 

e the odds that both Br atoms are the *'Br 
isotope (corresponding to the M+4 peak) = 
(.50)(.50) = 25% 

The ratio of the three peaks (M : M+2 : M+4) will be 
25:50:25 (1:2:1). This analysis matches the figure 
above. 


14.73. 
Explanation #1 — Outside of the carbonyl group, one of 
the C—O bonds of the ester has some double bond 
character, as can be seen in the third resonance structure 
below: 


ce O o? 
ee = oe cs D 


This C—O bond is a stronger bond than the other C—O 
single bond, which does not have any double bond 
character. As a result, the stronger C-O bond 
(highlighted) produces a signal at higher wavenumber. 


Ò 
PA 
1300 cm™ 1000 cm 


Explanation #2 — The C-O bond at 1300 cm! involves 
an sp^-hybridized carbon atom, rather than an sp- 
hybridized carbon atom. The former has more 
s-character and holds its electrons closer to the positively 
charged nucleus. A Csp—O bond is therefore shorter and 
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stronger than a Cs»-O bond, so the former should Both of these factors (resonance and hybridization) lead 

produce a signal at higher wavenumber. to the same conclusion that the C-O bond to the 
carbonyl carbon is stronger and shorter than the C—O 
bond to the sp? carbon atom. 


14.74. A signal at 1720 cnr! indicates the presence of a C=O bond. The following mechanism justifies the formation 
of a C=O bond. In the first step, one of the OH groups is protonated to give an oxonium ion, which then loses a leaving 
group (H20) to give a secondary carbocation. This carbocation then rearranges to give a more stable, resonance- 
stabilized cation, which is deprotonated to give the product (a ketone), consistent with the signal at 1720 cm’. 


J H We 
HO ÖH No Ho YH H 
H o9 A HOY |- A6 
H - H20 
hydride 
shift 


No M 
H--O ‘> 
Aj HO 
c «y 


t 


14.75. For a compound containing a bromine atom, the (M+2)** peak is approximately the same height as the (M)** 
peak, because approximately half of the bromine atoms are *!Br, rather than Br. 


(5  (M2* — (Mj (ME — (M«2" — (Ms4)" 


Now let's consider what happens if the parent ion also has a chlorine atom. In the solution to Problem 14.70, we saw 
that the effect of a chlorine atom is to move 1⁄4 of each peak by two m/z units, which gives the following pattern. 
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T 
(5^ (M+2yh (M+) 


i 


; 


T T 
MEO (Mae we) 


Incidentally, we would arrive at the same characteristic pattern if we had started our analysis by first considering the 
effect of the chlorine atom and only then considering the effect of the bromine atom, as done in Problem 14.72 and 
illustrated here: 


Effect of CI Effect of Br | 


p-———5 


(M'" — (M2. (Mirá) 


(M* — (Mi2^ (May 


(M' — (Mi2* (May 


Below is a mathematical analysis that provides the same answer as shown above. 
Each Br atom has (approximately) a 50% chance of being Br and a 50% chance of being *!'Br. Furthermore, each Cl 
atom has a 75% chance of being *°Cl and a 25% chance of being "Cl. Therefore, 
e the odds of having ?Br and ?CI (corresponding to the M peak) = (.50)(.75) = 37.5% 
e the odds of having one light isotope and one heavy isotope (either ?Br and ?"Cl, or *'Br and ?Cl), 
representing the M+2 peak = (.50)(.75) + (.50)(.25) = 50% 
e the odds of having *'Br and ?"Cl (corresponding to the M+4 peak) = (.50)(.25) = 12.5% 
The ratio of the three peaks (M : M+2 : M+4) will be 37.5 : 50 : 12.5 (3:4:1). This analysis matches the figure above. 


14.76. 

(a) The formula for the dye is Co:H15N2O6S . Using the values in Table 14.5 for C, H, N and O, and the values given in 
the question for S, we can calculate the expected mass for the parent ion using the most abundant isotope of each 
element (!H, 7C, ^N, !°O, ??S) as follows. 


CoiHisN206S = 
(21 x 12.000) + (15 x 1.0078) + (2 x 14.0031) + (6 x 15.9949) + (1 x 31.9721) 
= 423.0647 


This is consistent with reported base peak of the spectrum [(M ), 100% relative intensity]. 

Now we must consider the other two peaks — the peak at 424.0681 is ~ 1 amu higher than the molecular ion, while the 
peak at 425.0605 is ~ 2 amu higher. Considering the relative natural isotopic abundances of C, H, N, O and S, the two 
elements that have the highest percentage of a second isotope are carbon (C = 98.93%, 9C = 1.07%) and sulfur (37S = 
95.02%, ?^S = 4.21%). With this in mind, the peak at m/z = 424.0681 is consistent with a molecular ion where one of 
the '*C atoms is replaced with a PC. 
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Coo CiHisN206S_ = 
(20 x 12.000) + (1 x 13.0034) + (15 x 1.0078) + (2 x 14.0031) + (6 x 15.9949) + (1 x 31.9721) 
= 424.0681 


The peak with a nominal mass of 425 is consistent with a molecular ion with one *4S, as demonstrated by the 
calculation below: 


CoiHisN2064S = 
(21 x 12.000) + (15 x 1.0078) + (2 x 14.0031) + (6 x 15.9949) + (1 x 33.9679) 
= 425.0605 


Now, we must consider the relative abundances of each peak. The peak at m/z = 423.0647 is the base peak, because it 
has a relative abundance of 100% (it is, by definition, the most abundant ion). The peak at 424.0681 has an abundance 
of 22.5%, relative to the most abundant ion. This is consistent with a molecular ion having 21 carbon atoms, because 
the natural abundance of °C is 1.07%. [21 x 1.07% = 22.5%] 

The peak at 425.0605 has an abundance of 4.21%, relative to the most abundant ion. This is consistent with a molecular 
ion having one sulfur atom, because the natural abundance of *4S is 4.21%. [1 x 4.21% = 4.21%] 


(b) The peak at m/z = 425.0605 is consistent with a molecular ion in which two of the '*C atoms are replaced with two 
BC atoms: 

12C19!3C2H15N206S = 

(19 x 12.000) + (2 x 13.0034) + (15 x 1.0078) + (2 x 14.0031) + (6 x 15.9949) + (1 x 31.9721) 

— 425.0715 


14.77. 
(a) Tautomerization occurs rapidly (and is difficult to prevent) so an IR spectrum of A is essentially an IR spectrum of 
a mixture of A and B. The signal at 1740 cnr! corresponds to the nonconjugated C=O bond of the ester group in A, 
and the signal at 1720 cnr! corresponds to the nonconjugated C=O bond of the ketone group in A, just as we would 
expect. 


1720 cm! e e 1740 cm’ 


OEt 


The C=O bond in compound B is part of a conjugated ester, so it appears at a lower wavenumber than a typical C=O 
bond of an ester. This must be the signal at 1660 cm!. This might be initially surprising, as we might have expected a 
conjugated ester to produce a signal around 1700 cm!. But on further inspection, we recognize that this conjugated 
system has an OH group, whose lone pairs are participating in resonance. 


o S © " 6 
OH ON OH O COH (0) GOH O 
[A 


As such, there is one additional resonance structure (highlighted above); this additional resonance structure gives the 
C=0 bond additional single bond character (relative to other conjugated esters). 
Finally, the signal at 1620 cm! corresponds with the conjugated C=C bond in B. 


1620 cm’ OH [0 1660 cm 


OEt 


CHAPTER 14 587 


(b) Compound B is capable of forming an intramolecular hydrogen bonding interaction, which lowers the energy of 
that tautomer. As such, it has a more significant presence at equilibrium. 


Ji we H bond 
(0) 


Oo 


OEt 


There is one additional factor that favors the enol in this case, which we will discuss in Chapter 16. Specifically, we 
will see that conjugation is a source of stabilization. Compound B possesses this type of stabilization, while compound 
A does not. 


14.78. 

The two compounds are isomers (both have the molecular formula CeH9BrO) so we expect the molecular ion from each 
of them to have the same m/z value. Recall that there are two isotopes of bromine with approximately equivalent 
natural abundance (*!Br and Br), which results in two molecular ion peaks for each compound: 


Molecular ions for A Molecular ions for B 
oH] oH" » P 
OH OH 
m/z - 202 m/z = 200 m/z - 202 m/z = 200 


These molecular ions correspond to the two highest m/z peaks in each spectrum. Now we have to consider 
fragmentation patterns to match each spectrum to the correct isomer. Note that in each spectrum, there are several pairs 
of peaks separated by two mass units. This is consistent with the presence of bromine in these fragments, with the two 
peaks corresponding to fragments with Br and *!Br, respectively, just as observed for the molecular ion. In the peak 
list below, pairs separated by two mass units are shown in brackets. 


Sample X, m/z = [202, 200], [187, 185], [159, 157], 121 
Sample Y, m/z = [202, 200], [171, 169], 121 


Focusing on sample X, the peaks at 187 and 185 represent a loss of 15 from the molecular ions 202 and 200, 
respectively. This is consistent with the loss of a *CH3 radical fragment. Compound B has a methyl group, while 
compound A does not, suggesting that this spectrum is from compound B. The peaks at 159 and 157 represent a loss of 
43 from the molecular ions 202 and 200, respectively. This is consistent with the loss of a «CH(OH)CHs radical 
fragment. The peak at 121 represents a loss of *! Br» radical from the heavier molecular ion (202 — 81 = 121) or a loss of 
Bre radical from the lighter molecular ion (200 — 79 = 121). These data are consistent with the structure of compound 
B, and the ions below. 


OH OH OH 


m/z = 187 m/z = 185 m/z = 159 m/z = 157 m/z = 121 
(loss of 'CH3) (loss of 'CH3) loss of loss of (loss of Br) 
CoHfonycH,) (curonycH,) 


Focusing on sample Y, the peaks at 171 and 169 represent a loss of 31 from the molecular ions 202 and 200, 
respectively. This is consistent with the loss of a *CH2OH radical fragment. The peak at 121 represents a loss of *!Br* 
radical from the heavier molecular ion (202 — 81 = 121) or a loss of Bre radical from the lighter molecular ion 
(200 — 79 = 121), analogous to the corresponding peak in sample X. These data are consistent with the structure of 
compound A and with the ions shown below. 
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OH 


m/z = 171 m/z = 169 m/z = 121 
(loss of 'CH5OH) (loss of 'CH5OH) (loss of 'Br) 


14.79. 
(a) The structure contains an N-H bond, which is expected to produce a signal above 3300 cm", but that signal is 
absent from the spectrum. 


(b) Recall that tautomers are constitutional isomers that can rapidly interconvert via a sequence of proton transfer 
reactions. We know that the tautomer of the proposed structure must not exhibit an N-H bond, so it is clear that this 
proton is involved in the tautomerization process. To determine the structure of the tautomer, we remove the proton 
(deprotonation is the first step when tautomerization occurs under base-catalyzed conditions) and draw the conjugate 
base, which is resonance-stabilized: 


-Base GY b 
H 


Zz 


© 


Protonation of the negatively charged carbon atom in the second resonance structure leads to the tautomer of the 


original compound: 
e N, e 
—Base 
OOD OO 
N = N N= N 


This compound lacks an N-H bond and is therefore consistent with the IR spectrum. 


(c) The tautomer of the proposed structure exhibits a C=N bond, which is likely to be the source of the signal at 1621 
cm”! (this is the region of the spectrum where double bonds generally appear). 


14.80. The azido group in compound 2 cannot be drawn without charge separation (much like a nitro group, which 
also cannot be drawn without charge separation). Nevertheless, the azido group is still stabilized by resonance, as seen 


here: 
mS o i 
CT NP © NEN NSy 
n 0U No SN: 


Notice that the second and third resonance structures exhibit a nitrogen-nitrogen triple bond. We therefore expect that 
this bond will have significant triple bond character. Indeed, azido groups typically produce a characteristic signal in 
the triple bond region of an IR spectrum (2120-2160 cm'!). The absence of this signal indicates that compound 2 is not 
present in substantial quantities. 

Notice that the azido group in compound 2 exhibits charge separation in every resonance structure. If we try to draw a 
resonance structure without charge separation, we find that we cannot do so without violating the octet rule: 


Na ® Nx 
TNAQO SNA 
N N VIOLATES 
OCTET RULE 


14.81. The molecular ion for cyclohexanone is expected at m/z = 98, so the two peaks at m/z = 55 must be due to 
cationic fragments. Considering the atoms present in cyclohexanone (CoH100), we must consider all possible cationic 
formulas with m/z = 55. 
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One approach to this is to start with the heavier elements (carbon, oxygen) to come up with a formula close to (but not 
greater than) 55 and then adding in hydrogen atoms to make up the difference. For example, a cation with 4 carbon 
atoms (mass = 48) would require 7 hydrogen atoms (mass = 7) to give the correct total mass [48+7=55]. Alternatively, 
we can start with one oxygen atom (mass = 16), add three carbon atoms (mass = 36), and 3 hydrogen atoms (mass = 3) 
[16+36+3=55]. Thus, our two possible cationic formulas that fit are C3H3O* and C4H7". 

Using the values in Table 14.5, we can calculate the precise mass for each formula: 


C3H30* = (3 x 12.000) + (3 x 1.0078) + (1 x 15.9949) = 55.0183 amu 
CaH7* = (4 x 12.000) + (7 x 1.0078) = 55.0546 amu 


The peak at m/z = 55.0183 (with a relative intensity of 86.7) is thus assigned to C3H3O", and the peak at m/z = 55.0546 
(with a relative intensity of 13.3) is assigned to C4H7*. 


14.82. This amide has the structural feature required for a McLafferty rearrangement: a hydrogen atom that is gamma 
to a C=O group (analogous to the ketones and aldehydes discussed in section 14.12). The resulting ion (m/z = 113) and 
its mechanism of formation are presented below. 


R RIH @ ree 
e KO" Mo 
R H 
ionization McLafferty " wk 
N ———— N ——> N 
rearrangement 

molecular ion fragment ion 
(m/z = 349) (m/z = 113) 


14.83. 

(a) The mass of pinolenic acid is 278 amu. The significant peak at 279 in positive ion mode is likely due to the 
addition of a proton, as this experiment is performed under conditions facilitating protonation. We can refer to this peak 
as the (M+1)* ion. Note that unlike molecular ions produced from electron ionization, this species is not a radical. 


HS 
o9 


HO C47Hos 


Next, we need to determine the positions of the three cis double bonds. The peaks at 211, 171 and 117 (which only 
appear when ozone is present) are likely due to ozonolysis products of each of the three alkenes. In each case, the C=C 
is replaced with C=O bonds. These three peaks represent losses of 68, 108, and 162 from the (M+1)* ion. The change 
in mass between the (M+1)* ion and each of the ozonolysis products corresponds to the loss of carbon atoms and 
hydrogen atoms (from the chain terminus to each sp?-hybridized carbon atom) as well as the gain of an oxygen atom. 
Accounting for the additional mass of oxygen (16) in each ionic fragment, the portions of the molecule cleaved by 
ozonolysis have masses of 84 (= 68-16), 124 (= 108-16) and 178 (= 162716). 


With this information, we can reconstruct the chain starting from the end distal to the carboxylic acid. A loss of 84 is 
consistent with the loss of a CeHi? fragment. 


aS Jum 
R 
CeH12 
Continuing up the chain, a loss of 124 is consistent with the loss of a CoH16 fragment. 
R IO AA 
CoH16 


A loss of 178 is consistent with the loss of a Ci3H22 fragment. 
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MOS Na OO GG 
C13H22 


With all of this information in hand, along with the knowledge that all of the double bonds have the cis configuration, 
we can propose the following structure for pinolenic acid: 


i9] 


HO n 


pinolenic 
acid 


m/z - 171 m/z = 117 


(b) In negative ion mode, under conditions facilitating deprotonation, we expect to form the conjugate base of the 
carboxylic acid, thus giving the following ions. Note that each has two mass units lower than the corresponding ions in 
positive ion mode, because each anionic structure has two fewer hydrogen atoms than each cationic structure. 


m/z = 169 m/z= 115 


14.84. 
(a) Each of these compounds has four rings, which we can label A-D: 


Notice that the A-B ring fusion resembles a trans-decalin system, which we explored at the end of Chapter 4: 
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H H 
trans-decalin 


Now let’s consider the conformation of the four fused rings in compounds 1 and 2. Building on the decalin system as a 
foundation, we can redraw these compounds (starting with the A-B ring fusion), in a way that shows the conformation 
of each ring: 


These polycyclic systems are conformationally rigid, because none of the six-membered rings can undergo a ring flip 
(you might find it helpful to build a model to prove to yourself that this is the case). Notice that in compound 2, the 
OH group and the Cl group are in close proximity and can therefore participate in an intramolecular hydrogen-bonding 
interaction (which weakens the existing O-H bond in 2, giving a lower wavenumber of absorption). In contrast, in 
compound 1 the OH group and the Cl group are far apart from each other, and cannot participate in an intramolecular 
hydrogen-bonding interaction. 


(b) The problem statement specifies that dilute solutions were investigated. As such, the effects of intermolecular 
hydrogen bonds are negligible and can be ignored. Compound 2 is capable of forming an intramolecular hydrogen 
bonding interaction (while compound 1 is not), so the signal for the OH group in compound 2 is expected to be 
broader. 


14.85. The problem statement indicates that one of the two hydrocarbon chains contains a cis alkene group. To 
determine which of these two chains contains the double bond, consider the relative numbers of carbon atoms and 
hydrogen atoms in each chain. One of these chains (CisH31) is fully saturated, because there are two hydrogen atoms 
for every carbon atom in the chain, except for the terminal methyl group which has three hydrogen atoms. In contrast, 
the other chain (C17H33) must be unsaturated, because a saturated chain with 17 carbon atoms would be expected to 
have 35 hydrogen atoms (16 C with two H’s and one C with three H’s). Since it has only 33 hydrogen atoms, this chain 
must contain the double bond. 


Now that we know which chain contains the double bond, we can determine the position of the double bond by 
analyzing the mass spectrometry data. The introduction of ozone allows for ozonolysis of the alkene, breaking the C=C 
bond and producing two new C=O bonds. The peak at m/z = 563 provides the information needed to determine the 
position of the double bond. The change in mass between the parent ion and the product of ozonolysis (110 mass units) 
corresponds to the loss of carbon atoms and hydrogen atoms (from the chain terminus to the first sp?-hybridized 
carbon) as well as the gain of an oxygen atom. Accounting for the additional mass of oxygen (16), the portion of the 
molecule that was cleaved by ozonolysis has a mass of 126. This is consistent with the loss of a fragment with the 
formula CoHis. To summarize, 563 amu = 673 (molecular ion) — 126 (CeHis) + 16 (oxygen atom). The structure of the 
phospholipid, along with the ozonolysis product are shown here: 
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m/z=673 © 


ozonolysis 


m/z-563 O 


Chapter 15 
Nuclear Magnetic Resonance Spectroscopy 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 15. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 


Vocabulary. 
e A spinning proton generates a magnetic , which must align either with or against 
an imposed external magnetic field. 
e All protons do not absorb the same frequency because of , a weak magnetic 


effect due to the motion of surrounding electrons that either shield or deshield the proton. 
solvents containing a small amount of TMS are generally used for acquiring 


NMR spectra. 
In a'H NMR spectrum, each signal has three important characteristics: ; and 


When two protons are interchangeable by rotational symmetry, the protons are said to be 
When two protons are interchangeable by reflectional symmetry, the protons are said to be 


The left side of an NMR spectrum is described as field, and the right side is described as 
field. 

In the absence of inductive effects, a methyl group (CH3) will produce a signal near ppm, a 

methylene group (CH2) will produce a signal near ,anda group (CH) will 

produce a signal near . The presence of nearby groups increases these values somewhat 

predictably. 

The , or area under each signal, indicates the number of protons giving rise to 

the signal. 


represents the number of peaks in a signal. A has one peak, a 

has two, a has three, a has four, and a has five. 
Multiplicity is the result of spin-spin splitting, also called , which follows the n + 1 
rule. 
When signal splitting occurs, the distance between the individual peaks of a signal is called the 
coupling constant, or value, and is measured in hertz. 
Complex splitting occurs when a proton has two different kinds of neighbors, often producing a 


PC is an of carbon, representing % of all carbon atoms. 
All PC-!H splitting is suppressed with a technique called broadband , causing 
all of the PC signals to collapse to : 
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Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 15. The answers appear in the section entitled Skil/Builder Review. 


15.1 Determining the Relationship between Two Protons in a Compound 


For each of the following compounds, identify the relationship between the two indicated protons (are they homotopic, 
enantiotopic or diastereotopic?) and determine whether they are chemically equivalent. 


H H 
EF % HO H R Cl 
3 SH E 
XM A. EA a 
Relationship: | ) ( | l J | 
Chemically equivalent? (C) GNE E ( 


15.2 Identifying the Number of Expected Signals in a 'H NMR Spectrum 
For each of the following compounds, determine whether the indicated protons are chemically equivalent. 


H H HH O H H OH H HH H 
Ju es — lS Boe 
Chemically equivalent? ( ( ( C ) 


15.3 Predicting Chemical Shifts 


For each of the following compounds, predict the expected chemical shift of the indicated 


protons. fe) 
HO 
E 9 ye 


15.4 Determining the Number of Protons Giving Rise to a Signal 


Step 1 Compare the relative | Step 2 Divide all integration values | Step 3 Identify the number of protons in the compound (from 
values, and | by the number from step 1, which the molecular formula) and then adjust the relative integration 
choose the lowest number. gives the ratio of iy values so that the sum total equals the number of 


15.5 Predicting the Multiplicity of a Signal 


Identify the expected multiplicity for each signal in the proton NMR spectrum of the following compound: 


15.6 Drawing the Expected 'H NMR Spectrum of a Compound 


Step 1 Step 2 Predict Step 3 Determine the of | Step 4 Predict the Step 5 Draw 
Identify the the each signal by counting the number of ofeach | each signal. 
number of of giving rise to each signal. | signal. 


each signal. 
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15.7 Using 'H NMR Spectroscopy to Distinguish Between Compounds 
Step 1 Identify the number | Step 2 If each compound is expected to produce Step 3 Look for differences in the 


of that each the same number of signals, then determine the chemical shifts, multiplicities or 
compound will produce. f , and integration values of the expected 
of each signal in both compounds. signals. 


15.8 Analyzing a !'H NMR Spectrum and Proposing the Structure of a Compound 


Step 1 Use the Step 2 Consider the Step 3 Analyze each signal Step 4 Step 5 Verify that the 
to determine the | number of signals and ( ,. and __), and then Assemble proposed structure is 
HDI. An HDI of. — integration of each draw fragments consistent with the consistent with all of the 
indicates the possibility of an | signal (gives clues each signal. These fragments fragments. spectral data. 
aromatic ring, about the become our puzzle pieces that 
of the compound). must be assembled to produce 
a molecular structure. 


15.9 Predicting the Number of Signals and Approximate Location of Each Signal in a PC NMR 
Spectrum 


Sp? and sp hybridized carbon atoms produce signals below ppm, while sp? hybridized carbon atoms produce signals 
above ppm. When sp? hybridized carbon atoms are part of an aromatic ring, they produce signals between and 
ppm, while sp? hybridized carbon atoms of carbonyl (C=O) groups produce weak signals above ppm. 


15.10 Determining Molecular Structure using DEPT ^C NMR Spectroscopy 


Complete the following chart by drawing the expected shape of each signal: 


CH; CH; CH C 


Broadband decoupled 


DEPT-90 


DEPT-135 


Mistakes to Avoid 


In 'H NMR spectroscopy, two neighboring CH» groups will only split each other if they are not chemically 
equivalent. For example compare the structures of butane and pentane, and in particular, compare the CH2 group at the 
C2 position in each structure, highlighted below: 


quartet i" 
jak EM Hd VR 
DPOMET T eee eS 
HIH H H H.H H H H 
Butane Pentane 


In the case of butane, the signal for the highlighted CH2 group is expected to be a quartet as a result of the neighboring 
methyl group. Notice that the signal is not further split by the neighboring CH2 group (C3), because the CH2 groups at 
C2 and C3 are chemically equivalent and therefore, they don’t split each other. In contrast, the signal for the 
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highlighted CH2 group does experience splitting. In the case of pentane, the C2 and C3 positions are not chemically 
equivalent. They occupy different electronic environments, and they are not interchangeable by symmetry. As a result, 
the signal for the highlighted CH» group (C2) is expected to be split into a sextet because it has 5 neighbors (n + 1 = 6). 
When analyzing a 'H NMR spectrum, make sure to take this into account, as students will often misinterpret a 


spectrum as a result of failing to take this into account. 


Solutions 


15.1. 

(a) When looking for symmetry, don't be confused by 
the position of the double bonds in the aromatic ring. 
Recall that we can draw the following two resonance 


Structures: 
OMe OMe 
= di 


Neither resonance structure is more correct than the 
other. For purposes of looking for symmetry, it will be 
less confusing to draw the compound like this: 


OMe 


When drawn in this way, we can see that the two 
highlighted protons can be interchanged by rotational 
symmetry (the axis of symmetry is shown below). 
Therefore, the protons are homotopic. 


Axis 


This conclusion can be verified by the replacement test. 
Specifically, each proton is replaced with deuterium, and 
the resulting compounds are found to be the same. 
Therefore, the protons are homotopic: 


OMe OMe 


Same compound 


(b) These protons cannot be interchanged by rotational 
symmetry, so they are not homotopic. They can be 
interchanged by reflectional symmetry (the plane of 
symmetry is the plane of the page) Therefore, the 
protons are enantiotopic. 


CI 


weed 
H 


This conclusion can be verified by the replacement test. 
Specifically, each proton is replaced with deuterium, and 
the resulting compounds are found to be enantiomers. 
Therefore, the protons are enantiotopic: 


Enantiomers 


(c) These protons cannot be interchanged by rotational 
symmetry, so they are not homotopic. They also cannot 
be interchanged by reflectional symmetry so they are not 
enantiotopic either. To determine if they are 
diastereotopic, we use the replacement test. Specifically, 
each proton is replaced with deuterium, and the resulting 
compounds are found to be diastereomers. Therefore, 
the protons are diastereotopic: 


OH OH 


D Di 


Diastereomers 


(d) These protons cannot be interchanged by rotational 
symmetry, so they are not homotopic. They can be 
interchanged by reflectional symmetry (the plane of 
symmetry is the plane of the page). Therefore, the 
protons are enantiotopic. 


This conclusion can be verified by the replacement test. 
Specifically, each proton is replaced with deuterium, and 
the resulting compounds are found to be enantiomers. 
Therefore, the protons are enantiotopic: 


(0) 


| 


Enantiomers 


(e) These protons can be interchanged by rotational 
symmetry (the axis of symmetry is shown below). 
Therefore, the protons are homotopic. 


Axis 
s 


Hi 


This conclusion can be verified by the replacement test. 
Specifically, each proton is replaced with deuterium, and 
the resulting compounds are found to be the same. 
Therefore, the protons are homotopic: 


| 


Same compound 


15.2. 

(a) All four protons shown in red can be interchanged 
either via rotation or reflection, so they are all chemically 
equivalent. 

(b) The three protons of a methyl group are always 
equivalent (as we will soon see, immediately after the 
SkillBuilder), and in this case, the two methyl groups are 
equivalent to each other because they can be 
interchanged by rotation. Therefore, all six protons 
shown in blue are equivalent. 
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(c) Pentane has three different kinds of protons, shown 
here: 


db ai M9 Ud 

P" pour 

These two protons can 
be interchanged 

by rotational symmetry, 

so they are homotopic 

(chemically equivalent) 


All four of these protons 
can be interchanged 
by either rotational or 

reflectional symmetry, so 

they are chemically 
equivalent 


Hcy ~~~ fcHs 


These six protons can be interchanged 
by either rotational or reflectional symmetry, 
so they are chemically equivalent 


(d) Hexane has three different kinds of protons, shown 
here: 


All four of these protons 
can be interchanged 
by either rotational or 

reflectional symmetry, so 

they are chemically 
equivalent 


All four of these protons 
can be interchanged 
by either rotational or 

reflectional symmetry, so 

they are chemically 
equivalent 


H CA ANN AAN 
3 CH; 


These six protons can be interchanged 
by either rotational or reflectional symmetry, 
so they are chemically equivalent 


(e) The presence of a chlorine atom creates six different 
environments (in terms of proximity to the Cl), so there 
are six different kinds of protons, highlighted here: 


15.3. The compound must have a high degree of 
symmetry in order to have only one kind of proton. The 
molecular formula indicates that there are twelve 
protons. The equivalence of twelve protons can be 
achieved by having four methyl groups in identical 
environments. Four methyl groups account for four of 
the five carbon atoms in the compound. So, we can draw 
a structure in which the fifth carbon atom is connected to 
each of the methyl groups (shown below), providing the 


necessary symmetry: 
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15.4. In BZP, the two protons on each CH» group are 
equivalent, because they can be interchanged by 
reflectional symmetry (the plane of symmetry is the 
plane of the page). In addition, a second plane of 
symmetry passing through both nitrogen atoms in the 
ring makes the CH2 groups on one half of the molecule 
equivalent to the corresponding CH2 groups on the other 
half of the molecule. Overall, BZP has two signals for 
the piperazine CH» protons, as shown below: 


DBZP has an additional plane of symmetry (slicing top 
to bottom in the structure shown), so all eight CH 
protons are equivalent, and only one signal is expected 
for these eight protons. 


15.5. 
(a) This compound has eight different kinds of protons 
(highlighted below), giving rise to eight signals. 


aoe 
OCH3 
A 


The three protons 
of amethyl group 


OCH3 


The three protons of à methyl group 
are always chemically equivalent 


OCH; 


H H 


These two protons can be interchanged 


are always 
by reflectional symmetry, so they are chemically 
chemically equivalent equivalent 


OCHs 


H OCHs OCHs 


^L. FOL 


These two protons can be 
interchanged 
by reflectional symmetry, 
so they are chemically 
equivalent 


The three protons of a methyl 
group are always chemically 
equivalent 


(b) This compound has four different kinds of protons 
(highlighted below), giving rise to four signals. 


H3CO H3CO 


The three protons of a 
methyl group are 
always chemically 


These two protons can be 
interchanged 
by rotational symmetry, so they 


equivalent are chemically equivalent 
H4CO H H3CO 
CH3 
H The three protons 
of a methyl group 
These two protons can be interchanged a 
by rotational symmetry, so they are Suivant 


chemically equivalent 


(c) This compound has two different kinds of protons 
(highlighted below), giving rise to two signals. 


H3C HaC H 


CH, H CH 


These two methyl groups 
can be interchanged 
by rotational symmetry, so 
all six protons are 
chemically equivalent 


These four protons can all be 
interchanged by rotational 
symmetry, so they are all 

chemically equivalent 


(d) This compound has three different kinds of protons 
(highlighted below), giving rise to three signals. 


H 

CH3 CH, H CH3 

CH3 CH3 H CH3 

These two methyl H These two protons can 
e These two protons be interchanged by 


rotational symmetry, 
so they are chemically 
equivalent 


can be interchanged 
by rotational 

symmetry, so they are 

chemically equivalent 


by rotational 
symmetry, so all 
six protons are 

chemically 

equivalent 


(e) This compound has five different kinds of protons 
(highlighted below), giving rise to five signals. 


Cl 
T ae. 

H 
Gr 
CH; 


(f) This compound has three different kinds of protons 
(highlighted below), giving rise to three signals. 
These two protons can be 


Cl O 
H 
interchanged by rotational 


symmetry, so they are chemically 
equivalent 


The three protons 
of a methyl group 
are always 
chemically 
equivalent 


Cl Cl 
CH3 Se H 
H 
H Cl 
CX. 


H 
Cl Cl noe 
H H 


(g) This compound has four protons and none of them 
can be interchanged by rotational or reflectional 
symmetry. Each of the four protons occupies a unique 
electronic environment, giving rise to four signals. 


(h) This compound has two different kinds of protons 
(highlighted below), giving rise to two signals. 


H 
H4C CH; HaC CH; 


H4C CH; HaC CH, 
H 


These four methyl groups 
can be interchanged 


by rotational symmetry, so 
all twelve protons are 
chemically equivalent 


These two protons can be 
interchanged by rotational 
symmetry, so they are 
chemically equivalent 
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(i) Due to the location of the two bromine atoms, each 
CH2 group occupies a unique electron environment, 
giving rise to two separate signals (one for each CH 
group). In addition, the two methyl groups are also in 
different electronic environments, giving two separate 
signals. In total, we expect four signals. 


(j) Each of the protons in each CH» group is in a unique 
electronic environment, as a result of the presence of a 
chiral center. That is, each CH» group gives rise to two 
separate signals, so the two CH» groups collectively give 
rise to four different signals. The two methyl groups are 
also different from each other (because of their unequal 
proximity to the bromine atom), giving two more signals. 
In addition, there is one signal from the proton attached 
to the carbon bearing the bromine atom. In total, we 
expect seven signals. 


(k) Heptane has four different kinds of protons, shown 
here: 


These two protons can 
be interchanged 
by rotational symmetry, 
so they are chemically 
equivalent 


H H H H 


bc d 


All four of these protons 
can be interchanged 
by either rotational or 

reflectional symmetry, so 

they are chemically 
equivalent 


H HH A 


All four of these protons 
can be interchanged 
by either rotational or 

reflectional symmetry, so 

they are chemically 
equivalent 


He  ~— (Gu 


These six protons can be interchanged 
by either rotational or reflectional symmetry, 
so they are chemically equivalent 


(1) Each of the three vinylic protons occupies a unique 
electronic environment, giving rise to three separate 
signals: 


cis to 
main chain 


(6) H 2 
H 

Each of these protons is unique. 

They are NOT chemically equivalent. 


trans to 
main chain 


The two vinylic protons at the very end are different 
from each other because one is cis to the main chain and 
the other is trans to the main chain, as shown. Each of 
the CH2 groups provides one signal (because each CH» 
group occupies a unique electronic environment), and the 
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CH; provides one more signal, giving a total of seven 
signals. 


15.6. The presence of the bromine atom does not render 
C3 a chiral center because there are two ethyl groups 
connected to C3. Nevertheless, the presence of the 
bromine atom does prevent the two protons at C2 from 
being interchangeable by reflection. The replacement 
test gives a pair of diastereomers, so the protons are 
diastereotopic (which means that they are not chemically 
equivalent). 
Br Br 


ds 


D b 
X 
bo * 


Diastereomers 


15.7. Each of the protons in the following highlighted 
CH» groups is in a unique electronic environment, as a 
result of the presence of the chiral center. The protons in 
each CH» group are diastereotopic and not chemically 
equivalent. That is, each CH2 group will give rise to two 
separate signals, because one H is on the same face as 
(cis to) the propenyl substituent, while the other H is 
further away from it, on the opposite face as (trans to) 
the propenyl substituent. Therefore, these two CH2 
groups collectively give rise to four different signals: 


15.8. 


In addition, the following highlighted protons are also 


diastereotopic: 
E - j 
(0) ya H 


Furthermore, there are four more signals arising from the 
two methyl groups and the two CH groups, as shown: 


H 
H3C 


Therefore, we have seen that (S)-carvone has a total of 
ten different kinds of protons, giving rise to ten signals. 


(a) The !'H NMR spectrum of this compound is expected to exhibit five signals. The calculation for the estimated 


chemical shift of each signal is shown here: 


methyl protons (CH3)= 0.9 ppm 
beta to carbonyl = + 0.2 ppm 
1.1 ppm 


methylene protons (CH?) 2 1.2 ppm 
alpha to oxygen = + 3.0 ppm 
4.2 ppm 


1.2 ppm 


methylene protons (CH;) = 
alpha to carbonyl = + 1.0 ppm 
2.2 ppm 


D 


CH; | ————> [ methyl protons (CH3) = 0.9 ppm 


methylene protons (CHz)= 1.2 ppm 
beta to oxygen = + 0.6 ppm 
1.8 ppm 
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(b) The 'H NMR spectrum of this compound is expected to exhibit three signals. The calculation for the estimated 
chemical shift of each signal is shown here: 


methylene protons (CH2)= 1.2 ppm 


alpha to oxygen = + 2.5 ppm 
alpha to carbonyl = + 1.0 ppm 
4.7 ppm 


methyl protons (CH3)= 0.9 ppm 
beta to oxygen = + 0.6 ppm 


1.5 ppm 


methylene protons (CH3) = 
alpha to oxygen 
beta to oxygen 


(c) The 'H NMR spectrum of this compound is expected to exhibit four signals. The calculation for the estimated 
chemical shift of each signal is shown here: 


methyl protons (CH3) - 0.9 ppm 


alpha to carbonyl = + 1.0 ppm 
1.9 ppm methyl protons (CH3)= |0.9 ppm 


methine proton (CH) * 1.7 ppm 
beta to carbonyl = + 0.2 ppm 
1.9 ppm 


methylene protons (CH2) - 1.2 ppm 
alpha to carbonyl = * 1.0 ppm 
2.2 ppm 
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(d) The !H NMR spectrum of this compound is expected to exhibit four signals. The calculation for the estimated 


chemical shift of each signal is shown here: 


methyl protons (CH3)= 0.9 ppm 
alpha to oxygen = + 2.5 ppm 
3.4 ppm 


methylene protons (CH2)= 1.2 ppm 
alpha to oxygen = + 2.5 ppm 

alpha to carbonyl = + 1.0 ppm 

4.7 ppm 


methyl protons (CH3)= 0.9 ppm 
beta to carbonyl = + 0.2 ppm 
1.1 ppm 


methylene protons (CH2) * 1.2 ppm 
alpha to carbonyl = + 1.0 ppm 


2.2 ppm 


(e) All four methylene groups are equivalent, so the compound will have only one signal in its 'H NMR spectrum. 
That signal is expected to appear at approximately (1.2 + 2.5 + 0.5) = 42 ppm. 


methylene protons (CH?) 1.2 ppm 
alpha to oxygen 7 * 2.5 ppm 


beta to oxygen = + 0.5 ppm 
4.2 ppm 


15.9. First determine the number of expected signals. In this compound there are six different kinds of protons giving 
rise to six distinct signals. For each type of signal, identify whether it represents a methyl group (0.9 ppm), a methylene 
group (1.2 ppm), or a methine group (1.7 ppm). Finally, modify each of these values based on proximity to the oxygen 
atoms and the carbonyl group, as shown. These values are only estimates and the actual chemical shifts might differ 
slightly from the predicted values. The actual values are also shown, and they are fairly close to the estimated values. 


Methylene protons (CH;) = 1.2 ppm 
Alpha to oxygen = +2.5 ppm 
Beta to carbonyl - 40.2 ppm 


Actual = 3.7 ppm 


3.9 ppm 


Methylene protons (CH2)= 1.2 ppm 
Alpha to oxygen = *2.5 ppm 
3.7 ppm 


Actual = 3.5 ppm 


Methyl protons (CH3)= 0.9 ppm 
Beta to oxygen = +0.5 ppm 


1.4 ppm 


Actual = 1.2 ppm 


Methylene protons (CH;) - 1.2 ppm 
Alpha to ester oxygen = +3.0 ppm 


4.2 ppm 


Actual = 4.2 ppm 


Methyl protons (CH4) - 0.9 ppm 
Beta to oxygen - +0.6 ppm 
1.5 ppm 

Actual = 1.3 ppm 


Methylene protons (CH2)= 1.2 ppm 
Alpha to carbonyl = 41.0 ppm 

Beta to oxygen = 40.5 ppm 

2.7 ppm 


Actual 7 2.6 ppm 


15.10. 
(a) Using the values provided in Tables 15.1 and 15.2, 
we expect the following chemical shifts: 


~4.5-6.5 ppm 


| 


- 3 ppm ~ 1.2 ppm 


— 4.5 - 6.5 ppm 


(b) Using the values provided in Tables 15.1 and 15.2, 
we expect the following chemical shifts: 


~ 4.5 - 6.5 ppm ~ 3.7 ppm 
~ 4.5- 6.5 ppm X 
— a 
Hj JH 
H 
| H 
Bee OH 
PAN N 
"e ppi Y ~2-5ppm 
~2.5 ppm 


(c) Using the values provided in Tables 15.1 and 15.2, 
we expect the following chemical shifts: 


~ 2 ppm 


| ^2 ppm 


rd 


^ 1.2 ppm 


NV rogi 
CH 
H 3 
H 
H H X 


| ^ 4.5 - 6.5 ppm 
~ 2 ppm 


^ 1.2 ppm 


(d) Using the values provided in Tables 15.1 and 15.2, 
we expect the following chemical shifts: 
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H 
Pad 
Od 
d 
H3C 
x HaC CHa 
~ 2.5 ppm 
~ 3.4 ppm | PR 
^ 1.4 ppm 


15.11. Among the integration values provided, the 
lowest number is 33.2, so we divide all integration 
values by 33.2, giving the following ratio: 


1:15:1:15 


Since there is no such thing as a half of a proton, these 
numbers must represent 2, 3, 2, and 3 protons, 
respectively. This is confirmed by the molecular 
formula, which indicates that the compound has ten 
hydrogen atoms. 
Therefore, 
The signal at 4.0 ppm represents two protons. 
The signal at 2.0 ppm represents three protons. 
The signal at 1.6 ppm represents two protons. 
The signal at 0.9 ppm represents three protons. 


15.12. Among the integration values provided, the 
lowest number is 17.1, so we divide all integration 
values by 17.1, giving the following ratio: 


142725 57175573 


The molecular formula indicates that the compound has 
ten hydrogen atoms, so the numbers above are not only 
relative values, but they are also exact values. 
Therefore, 
The signal at 9.6 ppm represents one proton. 
The signal at 7.5 ppm represents five protons. 
The signal at 7.3 ppm represents one proton. 
The signal at 2.1 ppm represents three protons. 


15.13. Among the integration values provided, the 
lowest number is 18.92, so we divide all integration 
values by 18.92, giving the following ratio: 


i reed tee | 


The molecular formula indicates that the compound has 
six hydrogen atoms (not just three), so the numbers 
above are only relative values. Each signal must actually 
represent two protons. 


15.14. We expect a total of eight signals in the 'H 
NMR spectrum of phenylalanine; note the symmetry in 
the benzene ring and the nonequivalent diastereotopic 
protons next to the chiral center bearing the NH» group. 
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2H 


Cinnamic acid has a simpler 'H NMR spectrum with 
only six signals. 


1H 


15.15. 

(a) This compound has four different kinds of protons, 
highlighted here. In each case, we apply the n + 1 rule, 
giving the multiplicities shown: 


i9) 
O. CH, 
aro 
MT Y 


H 


oF 


quartet 


triplet 


singlet 


(b) This compound has four different kinds of protons, 
highlighted here. In each case, we apply the n + 1 rule, 
giving the multiplicities shown: 


CH3 
HC CH3 
y H H H BA 
l Y \ doublet 
singlet singlet septet 


(c) This compound has four different kinds of protons, 
highlighted here. In each case, we apply the n + 1 rule, 
resulting in all singlets: 

singlet 


"n HaC CH} (CH, 
singlet \ i 


singlet singlet 


(d) This compound has six different kinds of protons, 
highlighted here. In each case, we apply the n + 1 rule, 
giving the multiplicities shown: 


C Ma: 


ope H | CHg 


E > 


quartet 


15.16. Considering the n + 1 rule, we recognize that a 
doublet must have only one neighboring proton. This 
compound has eight different kinds of protons, but only 
the two indicated below are each expected to give rise to 
a doublet signal: 


HC) HH) © HH 


-«—— 
doublet HaC 
4 [9] 7 CH3 


HH CH3 


doublet 


15.17. 

(a) The spectrum exhibits the characteristic pattern of an 
isopropyl group (a septet with an integration of one, and 
a doublet with an integration of six). 

(b) The spectrum exhibits the characteristic pattern of an 
isopropyl group (a septet with an integration of one, and 
a doublet with an integration of six) as well as the 
characteristic pattern of an ethyl group (a quartet with an 
integration of two, and a triplet with an integration of 
three). 

(c) The spectrum exhibits a singlet with a relative 
integration of 9 (because 55.0 / 6.0 = 9), which is the 
characteristic pattern of a tert-butyl group. 

(d) The spectrum does not exhibit the characteristic 
pattern of an ethyl group, an isopropyl group, or a tert- 
butyl group. 
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15.18. To determine the expected splitting pattern for the signal corresponding to Ha, we must consider the effects of 
the two non-equivalent neighbors, Hp and He, The former is coupled to Ha with coupling constant Ja (11 Hz), and the 
latter is coupled to Ha with coupling constant Jac (17 Hz). We begin with the larger coupling constant (Jac in this case), 
which splits the signal into a doublet. Then, each peak of this doublet is then further split into a doublet because of the 
effect of Hv. The result is a doublet of doublets. It can be distinguished from a quartet because all four peaks should be 
approximately equal in height, as opposed to a quartet, in which the individual peaks have relative heights of 1:3:3: 1. 


a 
E ds »- 
re (17 Hz) TT 
"s Jab » m Jab > 


To determine the expected splitting pattern for the signal corresponding to Hb, we must consider the effects of the two 
non-equivalent neighbors, Ha and He, The former is coupled to Hb with a coupling constant Jab (11 Hz), and the latter is 
coupled to Hp with a coupling constant Joc (1 Hz). We begin with the larger coupling constant (Jab in this case), which 
splits the signal into a doublet. Then, each peak of this doublet is then further split into a doublet because of the effect 
of Hc. The result is a doublet of doublets. 

Hp 


(11 Hz) 


Jbc Ube 
(1 Hz) (1 Hz) 


To determine the expected splitting pattern for the signal corresponding to Hc, we must consider the effects of the two 
non-equivalent neighbors, Ha and Ho, The former is coupled to He with a coupling constant Jac (17 Hz), and the latter is 
coupled to He with a coupling constant Jec (1 Hz). We begin with the larger coupling constant (Jac in this case), which 
splits the signal into a doublet. Then, each peak of this doublet is then further split into a doublet because of the effect 
of Hv. The result is a doublet of doublets. 
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He 
= Jac 
A (17 Hz) 
Joc 
(1 Hz) 
15.19. 


(a) This compound is expected to produce four signals in 
its 'H NMR spectrum. For each signal, its expected 
chemical shift, multiplicity, and integration are shown. 


6 = 1.24+1=2.2 ppm 

m = triplet 

I = 2H NN fe) 
H 


6 = 12*0.2 214 ppm 
m= quintet L———» H 
I = 2H 

6 = 1.2 + 0.6 = 1.8 ppm 

P rs 8 = 12*3-42 ppm 

"i m = triplet 
I = 2H 

(b) This compound has rotational and reflectional 
symmetry: 


(1 Hz) 


[9] (0) (0) 
o A o 
H H 
So we expect its 'H NMR spectrum to exhibit only five 
signals, corresponding with the following highlighted 


protons. For each signal, its expected chemical shift, 
multiplicity, and integration are shown. 


8 = 1.2+05+0.2=1.9ppm 46 = 12*2.5- 3.7 ppm 
m = triplet m = triplet 
I = 2H iN I = 2H 
O j O 
O 
H 

6 = 10 ppm 
m= singlet 
T= 1H 8 = 1.2+2.5+1.0=4.7 ppm 

5 = 0.9402=1.1 ppm MZ Singlet 

; I = 2H 
m= singlet 
I = 6H 


15.20. GHB is expected to produce five signals in its 'H NMR spectrum. For each signal, its expected chemical shift, 
multiplicity, and integration are shown below. Note that OH protons typically do not couple with neighboring protons, 
and as a result, no splitting occurs. Furthermore, OH signals generally appear as broad singlets. 


6=1.2+05+0.2=1.9 ppm 
m = quintet 
|= 2H Su 
à = ~2-5 ppm Hj O 
m = singlet (broad) => H-O 5 =~12 ppm 
|- 4H OTH <= mz singlet (broad) 
H HH H |= 4H 
B= 12425237 ppm — 8721241072. ppm 
m = triplet m = triplet 
| 2 2H 


| - 2H 


15.21. 

(a) The first compound exhibits symmetry so it will have 
only three signals in its 'H NMR spectrum, while the 
second compound will have six signals. 


(b) Both compounds will exhibit 'H NMR spectra with 
only two singlets. In each spectrum, the relative 
integration of the two singlets is 1:3. In the first 
compound, the singlet with the smaller integration value 
will be at approximately 2 ppm (alpha to a carbonyl). In 
the second compound, the singlet with the smaller 
integration value will be at approximately 4 ppm (alpha 
to the oxygen of an ester). 


(c) The first compound will have only two signals in its 
'H NMR spectrum, while the second compound will 
have three signals. 


(d) The first compound will have five signals in its 'H 
NMR spectrum, while the second compound exhibits 
symmetry so it will have only three signals. 


(e) The first compound exhibits symmetry so it will have 
only two signals in its 'H NMR spectrum, while the 
second compound will have four signals. 


(f) The first compound will have only one signal in its 'H 
NMR spectrum (a singlet), while the second compound 
will have two signals (one signal will be a doublet and 
the other signal will have ten peaks). 


15.22. 


(a) Both compounds will have very similar 'H NMR 
spectra, with the same number of signals, splitting 
patterns and integration values. The major difference 
will be the location of the 2H quartet signal. For the first 
structure, this signal is expected to appear near 2.2 ppm, 
because it is a methylene group (benchmark value = 1.2 
ppm) next to a carbonyl group (+1). For the second 
structure, this signal will appear at approximately 4.2 
ppm, because it is a methylene group next to an oxygen 
atom of an ester group (+3): 


6 =1.24+1=2.2 ppm 6 = 1.2 + 3.0 = 4.2 ppm 
| =2H | =2H 
m = quartet m = quartet 


(b) These compounds are indeed expected to exhibit a 
different number of signals in their !H NMR spectra. 
However, most of the signals will appear in the region 1- 
2 ppm (in each spectrum), and may overlap, making it 
difficult to count the number of signals. The only 
distinctive peaks will be the vinyl and aldehyde signals. 
In fact, the presence or absence of a signal near 10 ppm 
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is the easiest way to differentiate these compounds. The 
second compound is an aldehyde so it is expected to 
produce a signal near 10 ppm. The first compound will 
lack such a signal. 


15.23. 

(a) The molecular formula (CsHioO) indicates four 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring. To determine the 
relative integration values, we divide each of the 
integration values by 9.1, giving a ratio of approximately 
5:2:2:1. Since the compound has ten protons, the 
numbers above are not only relative values, but they are 
also exact values. Now let's analyze each of the signals 
individually. 

The signal just above 7 ppm confirms our suspicion of an 
aromatic ring. This signal has an integration of 5H, 
indicating a monosubstituted aromatic ring: 


H H 


H H 


The spectrum also exhibits two triplets (just below 3 
ppm and just below 4 ppm), indicating two methylene 
groups connected to each other: 


NT 
Hii- 
HH 


Each of these signals appears more downfield than we 
might expect for a methylene group (1.2 ppm), so each 
of these methylene groups must be connected to a group 
that causes a deshielding effect. This must be taken into 
account in our final structure. 

If we inspect the two fragments that we have determined 
thus far (the monosubstituted aromatic ring and the 
methylene groups that neighbor each other), we will find 
that these two fragments account for nearly all of the 
atoms in the molecular formula (CsHi0O). We only need 
to account for one more proton and one oxygen atom. 
The singlet at 2 ppm has an integration of 1, so this 
signal corresponds with only one proton (with no 
neighbors) so we conclude that the compound has an 


OH group. 
There is only one way to assemble the three fragments: 
H H 
po 
H io §-c-c-$ 30H 
H H 
H H / 
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This structure is consistent with all of the signals, 
including the chemical shifts of the two triplets, which 
can be explained by the electron withdrawing effect of 
the oxygen atom as well as the local magnetic field 
established by the aromatic ring. 


(b) The molecular formula (C7Hi14O) indicates one 
degree of unsaturation (see Section 14.16), which means 
that the compound must possess either a double bond or 
aring. To determine the relative integration values, we 
divide each of the integration values by 10.8, giving a 
ratio of approximately 1 : 6. This spectrum has the 
characteristic pattern of an isopropyl group (a doublet 
with a relative integration of 6 and a septet with a 
relative integration of 1). 


TUN CUT 
je -6-0q 
H | H 


ANANN 


An isopropyl group only contains seven protons, but 
there are fourteen protons in the compound (C7H140). 
We therefore conclude that the compound must contain 
two isopropyl groups, which are interchangeable by 
symmetry: 


? 
isopropyl isopropyl 


Notice that the two isopropyl groups account for all but 
one of the carbon atoms in the compound. Therefore, 
there can only be one carbon atom in between the two 
isopropyl groups. This carbon atom cannot have any 
protons, since we don’t see any other signals in the 'H 
NMR spectrum. Also, we must still account for one 
oxygen atom (C7H140), and we said that the compound 
must contain one degree of unsaturation. This all points 
to a carbonyl group at the central position: 


Ó 


This structure is indeed consistent with the observed 
chemical shift at 2.7 ppm for the methine (CH) protons 
(1.7 + 1 7 2.7 ppm). 


(c) The molecular formula (CioHi4O) indicates four 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring. 

The signals near 7 ppm are likely a result of aromatic 
protons. Notice that the combined integration of these 
two signals is 4H. This, together with the distinctive 
splitting pattern (a pair of doublets), suggests a 1,4- 
disubstituted aromatic ring: 


H H 


The spectrum also exhibits a singlet with an integration 
of 9H (at approximately 1.4 ppm) which is characteristic 


of a tert-butyl group. 


If we inspect the two fragments that we have determined 
thus far (the disubstituted aromatic ring and the tert-butyl 
group), we will find that these two fragments account for 
nearly all of the atoms in the molecular formula 
(CioHi4O). We only need to account for one more 
proton and one oxygen atom. The peak just under 5 ppm 
has an integration of 1, so this signal corresponds with 
only one proton (with no neighbors), so we conclude that 
the compound has an OH group. This signal is broad, 
which is often (although not always) the case for signals 
arising from OH groups. 

There is only one way to assemble the three fragments: 


HO aad a 

(d) The molecular formula (C4H6O2) indicates two 
degrees of unsaturation (see Section 14.16), which 
means that the compound must possess either two double 
bonds, or two rings, or one ring and one double bond, or 
a triple bond. 

To determine the relative integration values, we divide 
each of the integration values by 18.0, giving a ratio of 
approximately 1 : 1 : 1. The molecular formula indicates 
six protons (rather than three), so the relative integration 
values must correspond with two protons for each signal. 
That is, the spectrum indicates the presence of three 
different methylene groups. From the splitting patterns 


(a triplet, a triplet, and a quintet), we can conclude that 
the three methylene groups are connected to each other: 


HO 


Be lb 
FII 
/ H HH N 
triplet quintet ^ triplet 


Now let's focus on the chemical shifts of the triplets (2.4 
ppm and 4.3 ppm). Both signals are shifted downfield 
(relative to 1.2 ppm for a typical methylene group). One 
of these signals is significantly shifted downfield, 


perhaps because it is next to an oxygen atom (after all, 
the molecular formula indicates that there are two 
oxygen atoms in the compound): 


The other triplet is also shifted downfield, but the effect 
is weaker. This seems consistent with the effect of a 
carbonyl group: 


The central methylene group is beta to both the oxygen 
atom and the carbonyl group, and it feels the distant 
effects of both (explaining why that signal is shifted 
somewhat downfield itself). 

The fragment above accounts for ALL of the atoms in 
the molecular formula, yet we are still missing one 
degree of unsaturation (the product must contain two 
degrees of unsaturation, but the fragment above has only 
one degree of unsaturation). Therefore, we close the 
ends together, giving the following structure: 


(0) 

C= 
(e) The molecular formula (C9H100) indicates five 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring, in addition to 
either one double bond or one ring. 
To determine the relative integration values, we divide 
each of the integration values by 13.9, giving a ratio of 
approximately 1 : 1.5 : 1 : 1.5. Since the compound has 
ten protons, the numbers above must correspond with: 


2232223 


Now let’s analyze each of the signals individually. 

The signals near 7 ppm are likely a result of aromatic 
protons. Notice that the combined integration of these 
signals is 5H, indicating a monosubstituted aromatic 
ring: 


The spectrum also exhibits the characteristic pattern of 
an ethyl group (a quartet with an integration of 2 and a 
triplet with an integration of 3): 
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i-C-C-H 
H H 


If we inspect the two fragments that we have determined 
thus far (the monosubstituted aromatic ring and the ethyl 
group), we will find that these two fragments account for 
nearly all of the atoms in the molecular formula 
(CoH100). We only need to account for one more carbon 
atom and one oxygen atom. And let's not forget that our 
structure still needs one more degree of unsaturation, 
suggesting a carbonyl group: 


(f) The molecular formula (CsH120) indicates no degrees 
of unsaturation (see Section 14.16), which means that the 
compound does not have a x bond or a ring. 

To determine the relative integration values, we divide 
each of the integration values by 13.6, giving a ratio of 
approximately 1 : 2: 6: 3. Since the compound has 
twelve protons, the numbers above are not only relative 
values, but they are also exact values. 

Now let's analyze each of the signals individually. 

Let's begin with the two signals that represent the 
characteristic pattern for an ethyl group (a quartet with 
an integration of 2 and a triplet with an integration of 3). 


| | 
UR 
H H 


The singlet at 1.2 ppm has an integration of 6, indicating 
two methyl groups that can be interchanged via 
symmetry (and they cannot have any neighboring 


protons). 
eth H H meth 
yl 3C i [e 3 yl 


The singlet at 2.2 ppm has an integration of 1, so this 
signal corresponds with only one proton (with no 
neighbors), so we conclude that this likely represents an 
OH group (the molecular formula indicates the presence 
of an oxygen atom). 
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If we inspect the fragments that we have determined thus 
far (an ethyl group, two methyl groups and an OH 
group), we will find that these fragments account for all 
of the atoms in the molecular formula (CsH100) except 
for one carbon atom. Indeed, this carbon atom is 
necessary to connect all of the fragments, as shown: 


15.24. The molecular formula (CioHi00s) indicates six 
degrees of unsaturation (see Section 14.16), which 
suggests an aromatic ring as well as two other degrees of 
unsaturation. 

To determine the relative integration values, we divide 
each of the integration values by 52, giving a ratio of 
approximately 1 : 1.5. Since the compound has ten 
protons (CioH10O4), the numbers above must correspond 
to four protons and six protons, respectively. 

Now let’s analyze each of the signals individually. The 
signal at 8.1 ppm is significantly downfield, and likely 
represents aromatic protons. Since it is a singlet with an 
integration of 4, it must correspond with a 1,4- 
disubstituted aromatic ring in which both substituents are 
identical (therefore rendering all four aromatic protons 
equivalent). 


The other signal has an integration of 6, which likely 
represents two equivalent methyl groups 
(interchangeable by symmetry). Since the signal is a 


singlet, these methyl groups must not have any 
neighbors. The chemical shift is consistent with these 
methyl groups being connected to oxygen atoms: 


1 j 
H-G-O ? O- 6-H 
H H 


If we inspect the fragments that we have determined thus 
far (a 1,4-disubstituted aromatic ring, and two methoxy 
groups), we will find that these fragments account for all 
of the atoms in the molecular formula (C10H1004) except 
for two carbon atoms and two oxygen atoms. Recall that 
the compound must have six degrees of unsaturation, and 
the fragments above only account for four degrees of 
unsaturation. Therefore, the remaining two carbon 
atoms and two oxygen atoms are likely carbonyl groups: 


There are certainly a few different ways to connect all of 
these fragments, but there is only one way to connect 
them without breaking the symmetry necessary to keep 
all four aromatic protons identical: 


ied bot 
nE pg 


[e [e 
H4CO & OCH; 


15.25. Begin by calculating the HDI. The molecular formula indicates 9 carbon atoms and 1 nitrogen atom. These 
would require 21 hydrogen atoms in order to be fully saturated. There are only 13 hydrogen atoms, so 8 hydrogen 
atoms are missing. Therefore, the HDI is 4. This is a relatively large number, and it would be inefficient to think about 
all of the possible ways to have 4 degrees of unsaturation. Any time we encounter an HDI of 4 or more, we should be 
on the lookout for an aromatic ring. Keep this in mind when analyzing the spectrum, which we expect to exhibit 


aromatic protons (near 7 ppm). 


Next, consider the number of signals and the integration value for each signal. Be on the lookout for integration values 
that suggest the presence of symmetry. For example, a signal with an integration of 4 would suggest two equivalent 


CH» groups. 
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The spectral data indicates a total of 6 signals. Let’s begin with the pair of triplets just below 3 ppm, each of which has 
an integration of 2. This suggests that there are two adjacent methylene groups. 


The singlet near 4 ppm has an integration of 3 which suggests an isolated methyl group, likely connected to an 
electronegative oxygen atom. A methoxy fragment, OCHs, seems likely. 


Moving downfield, there are 2 doublets near 7 ppm, each of which has an integration of 2. This pattern is characteristic 
of a 1,4-disubstituted benzene ring, bearing two different substituents (with different electronic demands). In such a 
case, there are two types of aromatic protons, each of which has an integration of 2 and is split into a doublet by its one 
neighbor: 


H H 
H H 
So far, we have the following three fragments: 
H H 
1d 1 
Hil bei HOH 
H H H 
H H 


These fragments collectively account for 9 carbon atoms, 11 hydrogen atoms, and 1 oxygen atom. If we inspect the 
molecular formula, we see that we have accounted for all of the carbon atoms and the oxygen atom, but we must still 
account for 2 more hydrogen atoms and 1 nitrogen atom. Therefore, we conclude that the broad singlet near 1 ppm is 
likely to be an NH? group. We will see later (Chapter 22) that NH» protons generally appear as broad signals between 
0.5 and 5.0 ppm. 

Next, we assemble the fragments. There are two reasonable ways to connect the fragments in this case. 


H H H H 
Ail 1 
HN C—C—OCH H)N—C—C OCH 
2 \ / i 3 sie ee 3 
H H H H 


To distinguish between these two options, we consider chemical shifts. Note that the adjacent methylene groups appear 
fairly close to one another, near 3 ppm, indicating that neither is attached to the highly electronegative and deshielding 
oxygen atom. The first compound above shows a CH» group connected to oxygen, and we expect that compound to 
produce a triplet somewhere near 4 ppm, which is absent from the spectral data. The second compound above has the 
two CH groups connected to an aromatic ring and an NH» group, respectively, which is consistent with the observed 
chemical shifts of these triplets. The structure is redrawn here in conventional bond-line notation. 


ho 
HN 
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15.26. 

(a) The two methyl groups occupy identical 
environments (there is a conformation of this molecule in 
which the two methyl groups are interchangeable by 
reflectional symmetry), so the methyl groups are 
chemically equivalent. All of the other carbon atoms are 
unique, giving rise to a total of four signals. The 
expected chemical shift for each of these signals (listed 
below) can be found in Table 15.4. 


e The two, equivalent methyl (CH3) groups will 
produce one signal in the region 10 — 30 ppm. 

e The methylene (CH2) group will produce one 
signal in the region 15 — 55 ppm. 

e The methine (CH) group will produce one signal 
in the region 20 — 60 ppm. 

e The carbonyl group will produce one weak signal 
in the region 185 — 220 ppm. 


(b) This compound exhibits symmetry, rendering the two 
methyl groups equivalent. Similarly, the ring has only 
four unique signals, because of symmetry. In total, the 
13C NMR spectrum of this compound should exhibit five 
signals. The expected chemical shift for each of these 
signals (listed below) can be found in Table 15.4. 


e The two, equivalent methyl (CH3) groups will 
produce one signal in the region 10 — 30 ppm. 

e The five methylene (CH2) groups will produce 
three signals in the region 15 — 55 ppm. 

e The quaternary carbon (C) will produce one 
signal in the region 20 — 60 ppm. 


(c) Monosubstituted aromatic rings exhibit symmetry, 
giving only four unique carbon atoms in the aromatic 
ring. Each of the carbon atoms of the ethyl group is 
unique, giving a total of six signals. The expected 
chemical shift for each of these signals (listed below) can 
be found in Table 15.4. 


e The methyl (CH3) group will produce one signal 
in the region 10 — 30 ppm. 

e The methylene (CH2) group will produce one 
signal in the region 15 — 55 ppm. 

e The aromatic ring will produce four signals in the 
region 110 — 170 ppm. 


(d) This compound has no symmetry. Each of the 
carbon atoms is unique, giving a total of nine signals. 
The expected chemical shift for each of these signals 
(listed below) can be found in Table 15.4. 


e One of the methyl (CH3) groups (the methyl 
group that is NOT connected to oxygen) will 
produce one signal in the region 10 — 30 ppm. 

e The methyl (CH3) group connected to oxygen 
will produce one signal in the region 40 — 80 
ppm. 

e The methylene (CH2) group will produce one 
signal in the region 15 — 55 ppm. 


e The aromatic ring will produce six signals in the 
region 110 — 170 ppm. 


(e) The aromatic ring is 1,4-disubstituted so it exhibits 
symmetry, giving four unique carbon atoms in the 
aromatic ring (four signals). In addition, there will be a 
signal for the carbon atom of the methoxy group, and 
finally, there will be two signals for the carbon atoms of 
the ethyl group. In total, there are seven signals. The 
expected chemical shift for each of these signals (listed 
below) can be found in Table 15.4. 


e One of the methyl (CH3) groups (the methyl 
group NOT connected to oxygen) will produce 
one signal in the region 10 — 30 ppm. 

e The methyl group connected to oxygen will 
produce one signal in the region 40 — 80 ppm. 

e The methylene (CH2) group will produce one 
signal in the region 15 — 55 ppm. 

e The aromatic ring will produce four signals in the 
region 110 — 170 ppm. 


(f) This compound has symmetry, giving only five 
unique positions (highlighted): 


So the ?C NMR spectrum should have five signals. The 
expected chemical shift for each of these signals (listed 
below) can be found in Table 15.4. 


e The four methyl (CH3) groups will produce two 
signals in the region 10 — 30 ppm. 

e The two methylene (CH2) groups will produce 
one signal in the region 15 — 55 ppm. 

e The two vinylic carbon atoms will produce two 
signals in the region 100 — 150 ppm. 


(g) None of the carbon atoms in this compound can be 
interchanged with any of the other carbon atoms in this 
compound via either reflection or rotation. All of the 
carbon atoms are unique, giving rise to seven signals. 
The expected chemical shift for each of these signals 
(listed below) can be found in Table 15.4. 


e The four methyl (CH3) groups will produce four 
signals in the region 10 — 30 ppm. 

e The methylene (CH2) group will produce one 
signal in the region 15 — 55 ppm. 

e The two vinylic carbon atoms will produce two 
signals in the region 100 — 150 ppm. 


(h) This compound exhibits a high degree of symmetry. 
All four methyl groups are interchangeable by either 
rotation or reflection, and therefore, all four methyl 
groups give rise to one signal. The two vinylic carbon 


atoms are also chemically equivalent, giving rise to one 
signal. In total, there are only two signals. The expected 
chemical shift for each of these signals (listed below) can 
be found in Table 15.4. 


e The four methyl (CH3) groups will produce one 
signal in the region 10 — 30 ppm. 

e The two vinylic carbon atoms will produce one 
signal in the region 100 — 150 ppm. 


(i) This compound exhibits a high degree of symmetry. 
All four carbon atoms are interchangeable by either 
rotation or reflection, and therefore, all four carbon 
atoms give rise to one signal, appearing in the region 40 
— 80 ppm (as expected for an sp? hybridized carbon atom 
attached to an oxygen atom). 


(j) None of the carbon atoms in this compound can be 
interchanged with any of the other carbon atoms in this 
compound via either reflection or rotation. All of the 
carbon atoms are unique, giving rise to five signals. The 
expected chemical shift for each of these signals (listed 
below) can be found in Table 15.4. 


e The methyl (CH3) group will produce one signal 
in the region 10 — 30 ppm. 

e The methylene (CH2) group next to oxygen will 
produce one signal in the region 40 — 80 ppm. 

e The two vinylic carbon atoms will produce two 
signals in the region 100 — 150 ppm. 

e The carbonyl group will produce one weak signal 
in the region 165 — 185 ppm. 


15.27. Let's first determine which diastereomer has the 
R configuration and which has the S configuration. When 
we place the hydrogen on a dash, the three substituents 
will be arranged such that the sequence of priorities (1— 
2-3) is clockwise; therefore, compound 3 (having the R 
configuration) will have the H on a dash. Since 
compound 4 has the S configuration, we would simply 
need to invert the configuration at that center, meaning 
the H should be placed on a wedge. 


Upon close inspection, compound 3 has a plane of 
symmetry that compound 4 lacks. In fact, compound 3 is 
a meso compound. As a result, compound 3 should 
exhibit only thirteen signals in its C NMR spectrum, 
while compound 4 should have twenty-three signals in 


CHAPTER 15 613 


its 3C NMR spectrum. This would be an easy way to 
distinguish between these compounds. 


Plane of 
^7 Symmetry 


15.28. The molecular formula (CsH100) indicates one 
degree of unsaturation (see Section 14.16), which means 
that the compound must either have a double bond or a 
ring. The signal above 200 ppm (in the broadband- 
decoupled spectrum) indicates the source of the degree 
of unsaturation (C=O). The four signals in the range 10 
— 60 ppm represent four unique sp? hybridized carbon 
atoms. Two of them are upside-down in the DEPT-135 
spectrum, indicating that they are methylene groups. 
Based on the number of protons in the compound 
(C5H100), the other two signals must be methyl groups 
(to give a total of ten protons). 

Now we must connect a carbonyl group, two methylene 
groups and two methyl groups. There are only two ways 
to do that: 

(0) 


gus 


The first possibility cannot be correct because it has 
symmetry and would have only three signals in its 
broadband-decoupled ?C spectrum. The latter structure 
is the only structure that is consistent with the data. 


(0) 


(0) 


AA 


15.29. The molecular formula (CsH120) indicates no 
degrees of unsaturation (see Section 14.16), which 
means that the compound cannot have either a double 
bond or a ring. The signal at 73.8 ppm must be produced 
by the carbon atom that is connected to the oxygen atom. 
Notice that only one signal can be found in the range 40 
— 80 ppm, which is consistent with the compound being 
an alcohol, as indicated in the problem statement. There 
are only two other signals, indicating symmetry. Both of 
those signals represent sp? hybridized carbon atoms. The 
following structure meets these requirements: 


OH 


S 
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This structure is consistent with the information 
presented in the DEPT spectra. The DEPT-90 spectrum 
indicates there is only one CH group, and the chemical 
shift of that signal (73.8 ppm) is fairly downfield for a 
CH group, indicating that it is likely connected to oxygen 
(consistent with the structure above). And the DEPT- 


a CH group, while the last two signals must be methyl 
groups. There are several possible structures that are 
consistent with the information above, but only one of 
them is consistent with the 'H NMR spectrum. 
Specifically, the singlet at 1.9 ppm (with an integration 
of 3) indicates a methyl ketone. 


135 spectrum confirms the presence of a methyl (CH3) 
group and a methylene (CH?) group, also consistent with 
the symmetrical structure above (the two methyl groups i9) 
are equivalent and produce one signal, while the two 

methylene groups are equivalent and also produce one 

signal) 


15.30. The molecular formula (C7H140) indicates one 
degree of unsaturation (see Section 14.16), which means 
that the compound must possess either a double bond or 
a ring. The signal above 200 ppm (in the broadband- 
decoupled spectrum) indicates the source of the degree 
of unsaturation (C=O). The five signals in the range 20 
— 40 ppm represent five unique sp? hybridized carbon 
atoms. As such, the spectrum has a total of six signals 
for a compound with seven carbon atoms. That means 
that one of the signals in the range 20 — 40 ppm must 
represent two carbon atoms (for example, two equivalent 
methyl groups — the !'H NMR data confirms the two 
equivalent methyl groups). Also notice that two of the 
signals are upside-down in the DEPT-135 spectrum, 
indicating that they are methylene groups. Based on the 
DEPT-90 spectrum, we can see that one of the signals is 


Consistent with 
1H NMR and C NMR spectra 


ee oe 


Consistent only with 
136 NMR spectrum 


Consistent only with 
156 NMR spectrum 


15.31. Diisobutyl phthalate has an internal plane of symmetry, so the two isobutyl groups are chemically equivalent 
(since they can be interchanged by rotational symmetry); the symmetry also bisects the aromatic ring. Although there 
are 16 carbon atoms in DIBP, only 7 signals are thus expected in its broadband-decoupled ?C NMR spectrum. Using 
the values provided in Table 15.4, we expect the following approximate chemical shifts: 


C c CH2 
110-170 165-185 40-80 CH, 
CH ppm PPM ppm 10-30 
110-170 o // Boni 
i CH 
CH 
110-470. T! 20-60 ppm 
ppm 


The DEPT-90 spectrum exhibits three signals for the CH groups: two in the sp? hybridized region 110-170 (C1 and 
C2), and one in the 20-60 ppm region (C6). The DEPT-135 spectrum exhibits five signals (only the quaternary carbon 
atoms, C3 and C4, are missing); there is one signal in the 40-80 ppm region that is a negative signal, indicating the 
presence of a methylene group (CH2) attached to an oxygen atom, CS. 
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Broadband- 
decoupled 


| DEPT-135 


DEPT-90 


15.32. 

(a) The molecular formula (CsHio0) indicates one degree 
of unsaturation (see Section 14.16), which means that the 
compound must possess either a double bond or a ring. 
With only one signal in the spectrum, the structure must 
have a high degree of symmetry, such that all ten protons 
are equivalent. This is indeed the case for a five- 
membered ring (cyclopentane). There is no alkene with 
the molecular formula CsHio in which all ten protons 
occupy identical electronic environments. So 
cyclopentane is the only structure consistent with the 


spectral data: 


(b) The molecular formula (CsHsCl4) indicates no 
degrees of unsaturation (see Section 14.16), which 
means that the compound cannot have any double bonds, 
triple bonds, or rings. That is, the structure must be 
acyclic and cannot have any x bonds. With only one 
signal in the spectrum, the structure must have a high 
degree of symmetry, such that all eight protons are 
equivalent. This can be achieved with four equivalent 
methylene (CH2) groups. Four CH2 groups will be 
chemically equivalent if they are all attached to the same 
carbon atom (provided that all four CH2 groups are 
connected to identical groups): 


The molecular formula indicates five carbon atoms 
(which are now all accounted for) and four chlorine 


atoms, which can serve to cap the four loose ends shown 


above, like this: 
m 


CI CI 


(c) The molecular formula (CioHis) indicates four 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring. With only one 
signal in the spectrum, the structure must have a high 
degree of symmetry, such that all eighteen protons are 
equivalent. This can be achieved with six equivalent 
methyl groups, as seen in the following structure: 


15.33. The molecular formula (Ci2H24) indicates one 
degree of unsaturation (see Section 14.16), which means 
that the compound must possess either a double bond or 
a ring. With only one signal in the 'H NMR spectrum, 
the structure must have a high degree of symmetry, such 
that all twenty-four protons are equivalent. This can be 
accomplished with either twelve equivalent methylene 
(CH2) groups or eight equivalent methyl (CH3) groups. 
Since the former would use up all of the carbon atoms in 
the structure (all twelve), it is tempting to explore that 
possibility first. Indeed, a twelve-membered ring is 
comprised of twelve equivalent methylene groups, which 
should give rise to one signal in the 'H NMR spectrum. 
And this compound (cyclododecane) also exhibits the 
correct degree of unsaturation (HDI = 1). However, this 
structure would give only one signal in its BC NMR 
spectrum, and the problem statement indicates that the 
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13C NMR spectrum has two signals. So, we consider our 
other alternative (eight equivalent methyl groups). If the 
structure has eight equivalent methyl groups, then we 
still need to account for four more carbon atoms, as well 
as one degree of unsaturation. We can account for all 
four carbon atoms in a four-membered ring (HDI - 1). 
In the following structure, all eight methyl groups are 
equivalent. 


This structure has a high degree of symmetry, and it will 
indeed give rise to two signals in its 3C NMR spectrum 
(one signal for all of the methyl groups, and another 
signal for all four carbon atoms of the ring). 


15.34. The molecular formula (Ci7Hse) indicates no 
degrees of unsaturation (see Section 14.16), which 
means that the compound cannot have any double bonds, 
triple bonds, or rings. That is, the structure must be 
acyclic and cannot have any x bonds. With only one 
signal in the 'H NMR spectrum, the structure must have 
a high degree of symmetry, such that all thirty-six 
protons are equivalent. If all of these protons were 
methylene groups, then we would need at least eighteen 
carbon atoms, but the molecular formula indicates fewer 
than eighteen carbon atoms. So the thirty-six protons 
must be twelve equivalent methyl groups. Twelve 
methyl groups cannot all be attached to the same carbon 
atom, because the central carbon atom cannot have 
twelve bonds. However, twelve methyl groups will be 
equivalent if they comprise four equivalent tert-butyl 
groups, attached to one carbon atom. 


This structure is consistent with all of the available data, 
and it is expected to give rise to three signals in its °C 
NMR spectrum (one signal for the central carbon atom, 
another signal for the four carbon atoms connected to the 
central carbon atom, and then one last signal for all 
twelve, equivalent methyl groups). 


15.35. 

(a) All six methyl groups are equivalent (giving rise to 
one signal) while all four aromatic protons are also 
equivalent (giving rise to another signal) In total, we 
expect two signals. 


(b) This molecule has no symmetry, so all four aromatic 
protons are in unique environments. Therefore, we 
expect four signals. 


(c) This molecule has no symmetry, so all four aromatic 
protons are in unique environments. Therefore, we 
expect four signals. 


(d) This compound has two different kinds of protons 
(highlighted below), giving rise to two signals. 


H 
CI H 


CI 


Br 


H B 
, H 


These two protons are homotopic 
(they produce one signal) 


These two protons are homotopic 
(they produce one signal) 


(e) The methine (CH) proton gives one signal, while the 
two methyl groups collectively give one signal (with an 
integration of 6). In total, we expect two signals. 


(f) The replacement test indicates that the two protons of 
the methylene group are diastereotopic. Therefore, each 
of these protons will produce its own signal. That is, the 
methylene group will give rise to two signals (because of 
the presence of the chiral center). The structure also has 
two methyl groups which are not equivalent to each 
other (because of their proximity to the CI) so they also 
produce two different signals. Finally, the methine (CH) 
proton gives a signal, for a total of five signals. 


15.36. 
(a) This compound has four different kinds of carbon 
atoms (highlighted below), giving rise to four signals. 


"Ov “Ox 


These six methyl groups are all 
equivalent (giving one signal) 


OX. CO 


These four carbon atoms are all 
equivalent (giving one signal) 


These two carbon atoms are 
equivalent (giving one signal) 


These two carbon atoms are 
equivalent (giving one signal) 


(b) This molecule has no symmetry, so each of the six 
carbon atoms is in a unique environment. Therefore, we 
expect six signals. 


(c) This molecule has no symmetry, so each of the six 
carbon atoms is in a unique environment. Therefore, we 
expect six signals. 


(d) This compound has four different kinds of carbon 
atoms (highlighted below), giving rise to four signals. 


Cl. à CIS e 
Br Br 


This carbon atom 
gives one signal 


Cl. ; CI. 3 
Br Br 


These two carbon atoms are 
equivalent (giving one signal) 


This carbon atom 
gives one signal 


These two carbon atoms are 
equivalent (giving one signal) 


(e) The carbon atom of the methine (CH) group gives 
one signal, and the two methyl groups give one signal, 
for a total of two signals. 


(f) Each of the four carbon atoms is in a unique 
environment, because of its substitution and its proximity 
to the chlorine atom. Therefore, we expect four signals. 


15.37. The first compound exhibits symmetry that 
causes some of the carbon atoms to be equivalent 
(similar to the symmetry present in 15.36d). As such, 
the first compound will have five signals in its ^C NMR 
spectrum. In contrast, the second compound lacks this 
symmetry. Each carbon atom occupies a unique 
environment, so the second compound is expected to 
produce seven signals in its ^C NMR spectrum. 


15.38. This compound has six different kinds of protons, 
highlighted here. In each case, we apply the n + 1 rule, 
giving the multiplicities shown: 


triplet 


— —3r doublet 


nonet 


BN 
| | X (9 peaks) 


] doublet 
singlet 


triplet 

15.39. 

(a) The first compound has a very high degree of 
symmetry, and will produce only four only signals in its 
BC NMR spectrum, while the second compound will 
produce twelve signals. 

Also, the first compound will produce only two signals 
in its 'H NMR spectrum, while the second compound 
will produce eight signals. 
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(b) The first compound is a meso compound. Two of the 
protons are enantiotopic (the protons that are alpha to the 
chlorine atoms) and are therefore chemically equivalent. 
As such, the first compound will only have two signals 
in its 'H NMR spectrum, while the second compound 
will have three signals. For a similar reason, the first 
compound will only have two signals in its ^C NMR 
spectrum, while the second compound will have three 
signals. 


(c) The ^C NMR spectrum of the second compound will 
have one more signal than the ^C NMR spectrum of the 
first compound. The 'H NMR spectra will differ in the 
following way: the OH group in the first compound will 
produce a singlet somewhere between 2 and 5 ppm with 
an integration of 1, while the methoxy group in the 
second compound will produce a singlet at 
approximately 3.4 ppm with an integration of 3. 


(d) The first compound has symmetry that is not present 
in the second compound. As such, the first compound 
will have three signals in its PC NMR spectrum, while 
the second compound will have five signals. 

For similar reasons, the first compound will have two 
signals in its 'H NMR spectrum, while the second 
compound will have four signals. 


15.40. The molecular formula (CsHis) indicates no 
degrees of unsaturation (see Section 14.16), which 
means that the compound does not have a x bond or a 
ring. With only one signal in its 'H NMR spectrum, the 
structure must have a high degree of symmetry, such that 
all eighteen protons are equivalent. This can be achieved 
with six equivalent methyl groups, which account for six 
of the eight carbon atoms. The remaining two carbon 
atoms can be placed at the center of the structure, 
rendering all six methyl groups equivalent, like this: 


as 


This compound will exhibit two signals in its C NMR 
spectrum (one signal for the two central carbon atoms, 
and another signal for the six methyl groups). 


15.41. 
(a) The replacement test gives the same compound, so 
the protons are homotopic: 


Same compound 


(b) The replacement test gives enantiomers, so the 
protons are enantiotopic: 
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Cl Cl Me Me 
E E H D 
A A "D “mH 
H D D H 
Enantiomers Diastereomers 


(c) The replacement test gives enantiomers, so the (h) The replacement test gives diastereomers, so the 


protons are enantiotopic: protons are diastereotopic: 
D 
Enantiomers 


Diastereomers 
(d) The replacement test gives the same compound, so 


the protons are homotopic: (i) The replacement test gives the same compound, so the 


protons are homotopic: 


F F 
D 
C J 


D 
Same compound D 
F F 
(e) The replacement test gives diastereomers, so the Ys se " 
protons are diastereotopic: 


Same compound 


qd A (j) The replacement test gives the same compound, so 
D 
2 J 


the protons are homotopic: 


C D H 
v OH ANY?) 
Diastereomers 
(0) (0) 
These compounds are diastereomers because they are GC » 
stereoisomers that are not mirror images of each other. yY 


If it seems to you like they should be enantiomers, keep 
in mind that each of these compounds has three chiral 
centers, and these compounds differ only in the 
configuration of one of the three chiral centers (each of 
the bridgehead positions is a chiral center). 


Same compound 


(k) The replacement test gives the same compound, so 
the protons are homotopic: 


. Ho P HO P 
(f) The replacement test gives the same compound, so AS D 
the protons are homotopic: 
co c co c ^H ^ oH 
k J 
V H D D H 3 Same compound 
Sam m ee (I) The replacement test gives diastereomers, so the 


protons are diastereotopic: 


(g) The replacement test gives diastereomers, so the 
protons are diastereotopic: 


HO, D HO, H 
Am H A D 
OH OH 
Diastereomers 


(m) The replacement test gives enantiomers, so the 
protons are enantiotopic: 


MeO D MeO H 
MESE p e d 
V P 
bd 
Enantiomers 


(n) The replacement test gives diastereomers, so the 
protons are diastereotopic: 


Diastereomers 


(o0) The replacement test gives the same compound, so 
the protons are homotopic: 


CI CI a CI 


Same compound 


15.42. This compound has four aromatic protons. 
Because of their relationship with the respect to the ring 
(symmetry), we expect two types of protons, giving rise 
to a pair of doublets between 7 and 8 ppm: 


H H H 


H H Cl 


The structure also has an ethyl group, so we expect the 
characteristic pattern of signals for an ethyl group. 
Specifically, we expect a triplet with an integration of 3 
(corresponding to the CH3 of the ethyl group) and a 
quartet with an integration of 2 (corresponding to the 
CH» of the ethyl group). 
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H H H 
H E di 
H H a 
H H H 
H H 
H O H 


The signal for the CH2 of the ethyl group is expected to 
appear at 1.2 + 1 = 2.2 ppm, while the signal for the CH3 
of the ethyl group is expected to appear at 0.9 + 0.2 = 1.1 
ppm. 

Finally, there are two neighboring methylene groups, 
shown here: 


Each of these signals is expected to be a triplet with an 
integration of 2. And each of these signals is expected to 
be shifted downfield, because of the electron- 
withdrawing effects of the chlorine atom and oxygen 
atom. As seen in Section 16.5, each Cl adds 
approximately +2, and oxygen adds approximately +2.5 
ppm. The CH» next to the oxygen atom should produce 
a signal near 1.2 + 2.5 + 0.4 = 4.1 ppm. The last term 
(+0.4) was for the effect of the distant Cl (one-fifth of 
2.0. The CH2 next to the Cl should produce a signal 
near 1.2 + 2.0 + 0.5 = 3.7 ppm. 

The following hand-drawn spectrum shows all of the 
signals described above. 


AL d dh 


————————————————————————2D 


$c o5 Kk. 493 a- ili- © 
[e 


15.43. 

(a) Each of the protons occupies a unique environment, 
and therefore, we expect four signals in the 'H NMR 
spectrum of this compound. 

(b) All of the halogens withdraw electron density from 
the neighboring proton, causing a downfield shift. But 
the effect will be strongest for fluorine (the most 
electronegative) and weakest for iodine (the least 
electronegative of the halogens in this compound). 


Increasing chemical shift 
agi ————— ————————————————————— 
Ha > Hj > He > Ha 


620 CHAPTER 15 


(c) Each of the carbon atoms occupies a unique 
environment, and therefore, we expect four signals in the 
13C NMR spectrum of this compound. 

(d) The carbon atoms follow the same trend exhibited 
by the protons (the carbon atom connected to fluorine 
will produce the signal that is farthest downfield). 


15.44. The molecular formula (CoHis) indicates one 
degree of unsaturation (see Section 14.16), which means 
that the compound must possess either a double bond or 
a ring. With only one signal in the 'H NMR spectrum, 
the structure must have a high degree of symmetry, such 
that all eighteen protons are equivalent. This can be 
accomplished with either nine equivalent methylene 
(CH2) groups or six equivalent methyl (CH3) groups. 
Since the former would use up all of the carbon atoms in 
the structure (all nine), it is tempting to explore that 
possibility first. Indeed, a nine-membered ring is 
comprised of nine equivalent methylene groups, which 
should give rise to one signal in the 'H NMR spectrum: 


And this compound (cyclononane) also exhibits the 
correct degree of unsaturation (HDI = 1). However, this 
structure would give only one signal in its ^C NMR 
spectrum, and the problem statement indicates that the 
IC NMR spectrum has two signals. So, we consider our 
other alternative (six equivalent methyl groups). If the 
structure has six equivalent methyl groups, then we still 
need to account for three more carbon atoms, as well as 
one degree of unsaturation. We can account for all three 
carbon atoms in a three-membered ring (HDI = 1). In 
the following structure, all six methyl groups are 
equivalent. 


This structure has a high degree of symmetry, and it will 
indeed give rise to two signals in its "C NMR spectrum 
(one signal for all of the methyl groups, and another 
signal for all three carbon atoms of the ring). 


15.45. 
(a) This compound has three different methylene (CH2) 
groups, giving rise to three separate signals. 


pu Be By, 


In addition, each of the three methyl groups gives its 
own unique signal, as none of the methyl groups are in 
identical electronic environments (the two methyl groups 
on the left side of the structure are not in identical 


environments, because one is trans to the main chain, 
while the other is cis to the main chain): 


PAK», 


Each of the vinylic CH groups are different, giving rise 
to two more signals: 


3 Sou 


H H 


And finally, the proton of the OH group gives one last 
signal, for a total of 3+3+2+1=9 signals. 


(b) The methyl group gives one signal, and then each of 
the remaining protons gives rise to its own signal, for a 
total of six signals: 


Note that each of the vinylic protons is unique. For 
example, the following two vinylic protons are different 
from each other even though they are connected to the 
same carbon atom: 


CH3 
cis œ (H P 
to methyl group d 
H <— trans 


to methyl group 


15.46. Four CH» groups can be chemically equivalent 
if they are all attached to the same carbon atom 
(provided that the four CH2 groups are all connected to 
identical groups: 


The molecular formula indicates a total of nine carbon 
atoms and twenty hydrogen atoms, but the structure 
above only accounts for five carbon atoms and eight 
hydrogen atoms. We must still account for another four 
carbon atoms and twelve hydrogen atoms. This can be 
accomplished if we simply connect a methyl group to 
each of the CH2 groups, giving the following structure: 


XL 


The four methyl groups are chemically equivalent, 
giving rise to only signal. As such, the 'H NMR 
spectrum of this compound is expected to exhibit only 
two signals (one for the CH» groups and the other for the 
CH; groups). 


15.47. Below are the expected chemical shifts for each 
of the seven signals in this compound: 


6.5-8ppm = ~S ppm ^ .37 ppm 


Th a, wales 
H (H ae A 


15.48. 

(a) Symmetry in the ring gives four different signals for 
the carbon atoms of the ring 110 — 170, in addition to 
two signals for the vinylic carbon atoms. So in total, we 
expect six signals, all of which result from sp? hybridized 
carbon atoms, and therefore, we expect all six signals to 
appear in the region 110 — 170 ppm. 


(b) Each of the carbon atoms of the ring occupies a 
unique environment, giving six signals. The two methyl 
groups occupy identical environments (they are 
interchangeable by reflectional symmetry), so they 
produce one signal. This can be seen more clearly if we 
draw wedges and dashes to illustrate the 3D orientation 
of the methyl groups: 


This gives a total of seven signals. The signal resulting 
from the carbon atom of the ketone carbonyl group is 
expected to appear in the region 185 — 220 ppm, while 
the remaining six signals should appear in the region 10 
— 60 ppm. 


(c) The compound is symmetrical, so we only need to 
consider half of the structure. We expect a total of four 
signals, corresponding with the following unique 
positions: 
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CY 


The signal from the carbon atom of the methyl group 
(sp? hybridized) will appear in the region 10 — 30 ppm. 
The carbon atom of the methylene (CH?) group is also 
sp? hybridized, but it is next to an oxygen atom. So we 
expect that signal to appear in the region 40 — 80 ppm, 
together with the signal from the sp hybridized carbon. 
Finally, the signal from the ester carbonyl group is 
expected to appear in the region 165 — 185 ppm. 


15.49. Let's begin by drawing the reaction described in 
the problem statement: 


Cl 


The Markovnikov product has symmetry that the anti- 
Markovnikov product lacks. As such, a 'H NMR 
spectrum of the Markovnikov product should have fewer 
signals than a 'H NMR spectrum of the anti- 
Markovnikov product. 


15.50. 

(a) The compound has a high degree of symmetry, and 
there are only two unique aromatic protons, highlighted 
below, giving rise to two signals. 


Boos 


Each of the remaining aromatic protons can be 
interchanged with one of these positions (via either 
rotational or reflectional symmetry). 


(b) The presence of the methyl group renders all of the 
aromatic protons different from each other (because of 
their proximity to the methyl group). As such, we expect 
eight signals: 


D G 

H CH3 

OO, 
H ŒH 
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(c) The compound has symmetry that renders some 
positions identical to other positions. As such, there are 
only four unique types of protons, highlighted below, 
giving rise to four signals. 


(d) The compound has a high degree of symmetry that 
renders some positions identical to other positions. As 
such, there are only two unique types of protons, 
highlighted below, giving rise to two signals. 


(e) Each of the three vinylic protons is in a unique 
environment, so we expect three signals. 


H 
trans C——»H 


to nitro group NO2 


H <=> cis 


to nitro group 


(f) Each of the highlighted protons occupies a unique 
environment, giving rise to six signals: 


H o (H 
H 
AAA 
H H 


Note that the following positions are different from each 
other: 


H 
trans C——»|H 
to oxygen atom a o 
H| G cis 


to oxygen atom 


(g) The compound has a high degree of symmetry. As 
such, the two methyl groups occupy identical 
environments and collectively give rise to one signal. 
Similarly, all four protons of the two methylene (CH2) 
can be interchanged by either rotational or reflection 
symmetry, so these four protons will collectively give 
rise to one signal. In total, we expect only two signals: 


(h) The methyl group will produce one signal. 


H&C, Cl 


Ed 


ü 


SW 


Now let's consider the remaining four protons. The two 
protons on wedges (highlighted below) are 
interchangeable via reflectional symmetry, so they are 
enantiotopic and therefore chemically equivalent. 


HCCI 


IU 


Similarly, the two protons on dashes (highlighted below) 
are also interchangeable via reflectional symmetry, so 
they too are enantiotopic and therefore chemically 
equivalent. 

H3C Cl 


TH 
H 


IY 


In summary, we expect this compound to produce three 
signals in its 'H NMR spectrum. 


15.51. Among these three compounds, the first one 
(benzene) has aromatic protons, which are expected to 
produce a signal the farthest downfield (between 6.5 and 
8 ppm)  Acetylenic protons give signals that are 
relatively upfield (near 2.5 ppm) while vinylic protons 
are expected to produce a signal in the range of 4.5 — 6.5 


Increasing chemical shift in 1H NMR Spectroscopy 


H H 
© y- e= 
H H 


(6.5 — 8 ppm) 


(4.5-6.5 ppm) — (~ 2.5 ppm) 


15.52. In Section 15.5, the term “chemical shift” was 
defined in the following way: 


observed shift from TMS (in Hz) 


operating frequency of the instrument (in Hz) 


The problem statement indicates that the chemical shift 
of the proton is 1.2 ppm and the operating frequency of 
the spectrometer is 300 MHz. We then plug these values 
into the equation above, as shown: 


observed shift from TMS (in Hz) 


12x109 = 
300 x 10° Hz 


which gives the following observed shift from TMS (in 
Hz): 


observed shift 
fromTMS = (12 x 10°) x (300 x 105 Hz) = 360 Hz 
(in Hz) 


15.53. The molecular formula (Ci3H2s) indicates no 
degrees of unsaturation (see Section 14.16), which 
means that the compound does not have a x bond or a 
ring. The !H NMR spectrum exhibits the characteristic 
pattern of an isopropyl group (a septet with an 
integration of 1 and a doublet with an integration of 6): 


dim 
f -6-« 
H | H 


ANN 


However, there are no other signals in this spectrum, and 
the molecular formula indicates that there are 28 protons 
(not just 7 protons, as we would expect for an isopropyl 
group). So the compound must be highly symmetrical, 
with four equivalent isopropyl groups (to account for all 
28 protons). This also accounts for 12 of the 13 carbon 
atoms in this compound. The remaining carbon atom 
must be at the center, connected to all four isopropyl 
groups: 


15.54. The molecular formula (CsHı0) indicates four 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring. This accounts for 
six of the eight carbon atoms in the structure. The other 
two carbon atoms must be connected to the ring, either 
as an ethyl group or as two methyl groups. Ethylbenzene 
would give an !H NMR spectrum with five signals and a 
BC NMR spectrum with six signals. The problem 
statement indicates fewer signals in each of these 
spectra, which means that the compound must have more 
symmetry than ethylbenzene. If we explore the three 
possible ways to connect two methyl groups to a ring 
(1,2- or 1,3- or 1,4-, we will find that only 1,4- 
dimethylbenzene has the necessary symmetry to give 
only two signals in the 'H NMR spectrum and three 
signals in the PC NMR spectrum. 
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15.55. The molecular formula (C3HsO) indicates no 
degrees of unsaturation (see Section 14.16), which 
means that the compound does not have a x bond or a 
ring. The broad signal between 3200 and 3600 cm! 
indicates the presence of an OH group. The molecular 
formula indicates that the structure has three carbon 
atoms, yet the PC NMR spectrum exhibits only two 
signals (not three), indicating the presence of symmetry. 
This is only true for 2-propanol (not for 1-propanol): 


OH 


A 


15.56. The molecular formula (C4H6O4) indicates two 
degrees of unsaturation (see Section 14.16), which 
means that the compound must possess either two double 
bonds, or two rings, or one ring and one double bond, or 
a triple bond. The very broad signal (2500 — 3600 cm!) 
in the IR spectrum indicates the presence of a carboxylic 
acid group. The !H NMR spectrum has only two signals, 
with a total integration of 3, however the molecular 
formula indicates the presence of 6 protons. Therefore, 
the actual integration values for the signals are 2H and 
4H, respectively. The broad singlet at 12.1 ppm is 
characteristic of a carboxylic acid group (COOH), as 
suggested by the IR spectrum, and since this signal has 
an integration value of 2H, we conclude that the 
compound must have two carboxylic acid groups. This 
accounts for both degrees of unsaturation, which means 
that the compound does not possess a ring. In order for 
the remaining four protons to be identical, they must be 
interchangeable by symmetry, which is indeed the case 
when we place two methylene (CH2) groups in between 
the two carboxylic acid groups, like this: 


OH 
HO 


(0) 


Note that the CH2 groups do not split each other (they 
appear as singlets) because they are chemically 
equivalent. The n + 1 rule refers to n as the number of 
nonequivalent neighboring protons. 


15.57. 

(a) The molecular formula (CsH100) indicates one 
degree of unsaturation (see Section 14.16), which means 
that the compound must possess either a double bond or 
a ring. The 'H NMR spectrum exhibits the characteristic 
pattern of an isopropyl group (a doublet with an 
integration of 6, and a septet with an integration of 1): 


"Wa 
S -6-CQ 
H | H 


ANNAN 
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There is also a singlet with an integration of 3, indicating 
a methyl group. Notice that the signal for the methyl 
group appears at 2.12 ppm rather than 0.9 ppm, so it has 
been shifted downfield by just over 1 ppm, which is 
consistent with being adjacent to a C=O group 
(accounting for the one degree of unsaturation). The 
same downfield shift is true for the chemical shift of the 
CH of the isopropyl group. This gives the following 
structure: 
[9] 


(b) The molecular formula (CsHi20) indicates no 
degrees of unsaturation (see Section 14.16), which 
means that the compound does not have a x bond or a 
ring. The !H NMR spectrum exhibits the characteristic 
pattern of an ethyl group (a quartet with an integration of 
2, and a triplet with an integration of 3): 


= 


—H 


I—O-—I 


In addition, the singlet with an integration of 6 indicates 
two equivalent methyl groups: 


? 
methyl | H4C "EB methyl 


And the singlet with an integration of 1 is suggestive of 
an OH group. These pieces account for all of the atoms 
in the compound except for one carbon atom, which we 
place in between the two methyl groups. The three 
fragments can then only be connected in one way, giving 
the following structure: 


(c) The molecular formula (C4H10O) indicates no degrees 
of unsaturation (see Section 14.16), which means that the 
compound does not have a x bond or a ring. The 'H 
NMR spectrum exhibits a signal with an integration of 6, 
which indicates two equivalent methyl groups: 


? 
methyl | HaC A? han, methyl 


The singlet with an integration of 1 is suggestive of an 
OH group. The doublet with an integration of 2 


indicates a methylene group with only one neighboring 


proton: 
H 
A 
H-c-6—3 
/ | 
w H 


The CH (methine) proton is responsible for the last 
remaining signal, which is described as a multiplet 
(actually a nonet), indicating that this CH group is 
adjacent to the CH2 group as well as the methyl groups, 
like this: 


Hi 
nd 
sy H 
\ I 
H~C-¢ ; $—OH 
^w H 
Po 
Hac 


po 

15.58. The molecular formula (CoHi2) indicates four 
degrees of unsaturation (see Section 15.16), which is 
highly suggestive of an aromatic ring. This is confirmed 
by the multiplet just above 7 ppm in the 'H NMR 


spectrum. This signal has an integration of 5, indicating 
that the ring is monosubstituted: 


The 'd NMR spectrum also shows the characteristic 
pattern of signals for an isopropyl group (a septet with an 
integration of 1 and a doublet with an integration of 6): 


UNE 
po NEM 
H J H 


ANANN 


These two fragments (the monosubstituted aromatic ring 
and the isopropyl group) account for the entire structure: 


2 


15.59. The molecular formula (CoH1002) indicates five 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring, in addition to 
either one double bond or one ring. The multiplet just 
above 7 ppm in the !H NMR spectrum corresponds with 
aromatic protons, which confirms the presence of an 


aromatic ring. The integration of this signal is 5, which 
indicates that the ring is monosubstituted: 


The presence of a monosubstituted ring is confirmed by 
the four signals between 110 and 170 ppm in the PC 
NMR spectrum (the region associated with sp? 
hybridized carbon atoms), just as expected for a 
monosubstituted aromatic ring: 


Crt 


In the 'd NMR spectrum, the very broad signal near 12 
ppm (with an integration of 1) indicates the presence of a 
carboxylic acid group, which is confirmed by the signal 
near 180 ppm in the 3C NMR spectrum (the region 
associated with carbonyl groups): 


(0) 


wou 


In the 'H NMR spectrum, the pair of triplets (each with 
an integration of 2) indicates a pair of neighboring 
methylene groups: 


ce 


These methylene groups account for the two signals 
between 15 and 55 ppm in the ^C NMR spectrum. 

We have now analyzed all of the signals in both spectra, 
and we have uncovered three fragments, which can only 
be connected to each other in the following way: 


Ly tS oH 


15.60. 

(a) The molecular formula (CsHi00) indicates one 
degree of unsaturation (see Section 14.16), which means 
that the compound must possess either a double bond or 
a ring. One of the signals in the ^C NMR spectrum 
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appears above 200 ppm, indicating the presence of a 
carbonyl group (C=O), which accounts for the one 
degree of unsaturation. 

In total, the ^C NMR spectrum exhibits only three 
signals, while the molecular formula indicates the 
presence of five carbon atoms. Therefore, the structure 
must possess symmetry, giving only three different kinds 
of carbon atoms (one of which is a carbonyl group), as 
seen in the following structure: 


i9] 


ee 


(b) The molecular formula (CoHi00) indicates two 
degrees of unsaturation (see Section 14.16), which 
means that the compound must possess either two double 
bonds, or two rings, or one double bond and one ring, or 
a triple bond. The C NMR spectrum exhibits only 
three signals, while the molecular formula indicates the 
presence of six carbon atoms. Therefore, the structure 
must possess symmetry, giving only three different kinds 
of carbon atoms. Two of these types of carbon atoms 
must be sp? hybridized (because two signals appear 
between 100 and 150 ppm), while the third signal 
indicates a carbon atom attached to an oxygen atom. 
The following structure accounts for all of the 
observations above: 


ere LPS 


15.61. The problem statement indicates that the 
compound is an alcohol, so it must contain an OH group. 
The molecular formula (C4H100) indicates no degrees of 
unsaturation (see Section 14.16), which means that the 
compound cannot have any double bonds, triple bonds, 
or rings. That is, the structure must be acyclic and 
cannot have any x bonds. The broadband decoupled 
spectrum has four signals, one of which appears above 
60 ppm (this signal accounts for the carbon atom 
attached directly to the OH group). The other three 
signals in the broadband decoupled spectrum are all 
below 60 ppm, indicating that all of the carbon atoms are 
sp? hybridized (although we already knew that because 
HDI = 0). The DEPT-90 spectrum has only one signal, 
which means the compound has only one methine (CH) 
group. Furthermore, this signal is above 60 ppm, which 
indicates that this CH group is connected to directly to 
the OH group: 


The DEPT-135 spectrum indicates that the other three 
signals (below 60 ppm) correspond with one methylene 
group (upside-down signal) and two methyl groups 
(right-side up signals that did not appear in the DEPT- 
90). 

We have now analyzed all of the signals in all of the 
spectra, and we have uncovered four fragments, which 
can only be connected to each other in the following 
way: 
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15.62. The problem statement indicates that the 
compound is an alcohol, so it must contain an OH group. 
The molecular formula (C6H140) indicates no degrees of 
unsaturation (see Section 14.16), which means that the 
compound cannot have any x bonds or rings. That is, the 
structure must be an acyclic alcohol. The DEPT-135 
spectrum exhibits five signals that are upside-down, 
indicating the presence of five methylene groups. One of 
these methylene groups must be connected to the OH 
group, because one of the upside-down signals appears 
above 60 ppm. The five methylene groups and the OH 
group account for 11 of the 14 protons in this compound. 
Therefore, the signal pointing up must correspond with a 
methyl group (rather than a CH group). There is only 
one way to connect a methyl group, five methylene 
groups, and an OH group, as shown here: 


PUT 


15.63. The correct answer is (a). The two signals 
farthest upfield are a quartet with an integration of 2 and 
a triplet with an integration of 3. Together, these two 
signals indicate the presence of an ethyl group: 


= 
rm 
H H 


The signals near 7 ppm represent aromatic protons. Note 
that the total integration of the aromatic region is 2H + 
2H = 4H, which means that the ring is disubstituted. 
Furthermore, the aromatic signals are a pair of doublets, 
indicating symmetry, which is achieved with a 1,4- 
disubstituted aromatic ring. 


Therefore, the answer is (a), and the signal at 4.7 ppm 
(with an integration of 1H) represents the phenolic 


proton: 
As 


15.64. The correct answer is (b). The molecular 
formula (C4HsO») indicates one degree of unsaturation, 
which means that the compound must possess either a 
double bond or a ring. The !H NMR spectrum exhibits 
the characteristic pattern of an isopropyl group (a doublet 


with an integration of 6, and a septet with an integration 
of 1): 
"NL don 
QS -6-C2 
H | H 


ANANN 


There is also a singlet with an integration of 1 at 11.38 
ppm, indicating a carboxylic acid group (which accounts 
for the one degree of unsaturation). 


(0) 


m 


These two fragments account for all of the atoms that 
appear in the molecular formula, so we connect these 
fragments together to give structure (b): 


(0) 


OH 


15.65. The correct answer is (b). A triplet indicates 
protons that are adjacent to a methylene (CH2) group. 
The chemical shift of this signal (4 ppm) indicates that 
the protons giving rise to the signal are adjacent to some 
powerful electron-withdrawing group, such as an oxygen 
atom. So, we are looking for a compound that contains 
the following structural features: 


a 
H 


= 


li 


A triplet near 4 ppm 


Ir—-O0-—I 


Only structure (b) has these features: 


ERES 


H H 


15.66. The correct answer is (d). We can estimate the 
chemical shifts of both the methoxy protons (0.9 + 2.5 = 
3.4 ppm) and the methyl protons (0.9 ppm). A higher 6 
value of the methoxy protons correlates to a downfield 
shift, and the electron withdrawal due to the 
electronegative oxygen atom is a deshielding effect. 


15.67. The correct answer is (a). The 'H spectrum of an 
ethyl group contains a 2H quartet and a 3H triplet. 


2H quartet ^ H H 
(3 neighbors) eS 
ESL ^ 
V Es 


H 
< 3H triplet 
H (2 neighbors) 


15.68. The correct answer is (d). The given compound 
has a total of six signals in its ^C NMR and five signals 
in its 'H NMR spectrum. 


" ON 
2 A4 Ñ Hp CHae 
i Hs He 
Hp 


15.69. The correct answer is (d). The compound shown 
below is expected to produce four signals in its 'H NMR 
spectrum. For each signal, its expected chemical shift, 
multiplicity, and integration closely correlate to the given 
spectrum. 
6=1.2+3+05=4.7 ppm 
2H triplet (2 neighbors) 


o l 


o. 


à 720.94 1-7 1.9 ppm 
3H singlet (0 neighbors) 


ô= 1.2 + 2.5 + 0.6 = 4.3 ppm 
2H triplet (2 neighbors) 


ô= ~2-5 ppm 
1H broad singlet 


15.70. The correct answer is (c). The compound shown 
below is expected to produce five signals in its PC NMR 
spectrum: one signal in the 185-220 ppm region (ketone 
C=O), three signals in the 110-170 ppm region (sp? 
hybridized aromatic), and one signal in the 10-60 ppm 
region (sp? hybridized). 


pe ppm 
Cie: 
RE o MS 
120-140 ppm ^45 ppm 


15.71. The correct answer is (c). Each of the given 
compounds has at least one internal plane of symmetry. 
The compound inside the box below exhibits a total of 
four signals in its ^C NMR spectrum, while the other 
compounds each exhibit three signals in their 3C NMR 
Spectra. 


NC 


3 3 


2. 3 2 
d 
2 3 72 

1 
2 
3 3 
Eh 
1 EN 
3 
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15.72. The molecular formula (C6H1402) indicates no 
degrees of unsaturation (see Section 14.16), which 
means that the compound cannot have any double bonds, 
triple bonds, or rings. That is, the structure must be 
acyclic and cannot have any x bonds. The IR spectrum 
has a broad signal between 3200 and 3600 cm", 
indicating the presence of an OH group. The ^C NMR 
spectrum has six signals, and the molecular formula 
indicates there are six carbon atoms, which means that 
the compound lacks symmetry that would interchange 
any of the carbon atoms. Since the compound has no 
degrees of unsaturation, all of the signals must arise from 
sp? hybridized carbon atoms. Indeed, three of the signals 
appear between 10 and 60 ppm, as expected for sp? 
hybridized carbon atoms. But the other three signals 
appear between 60 and 80 ppm, indicating that three 
carbon atoms are connected to an oxygen atom. We can 
therefore draw the following fragments (since the 
compound has an OH group, and since the molecular 
formula indicates only two oxygen atoms): 


"Us aCe, 
p 


Now we explore the 'H NMR spectrum. Let's begin 
with the signals downfield. There are three signals that 
appear between 3.5 and 4 ppm. One of these signals is 
clearly a triplet, but the other two signals are overlapping 
so it is difficult to determine their multiplicity (perhaps 
they are doublets that appear very close to each other, or 
perhaps they are overlapping triplets). We will revisit 
the multiplicity of these signals later. For now, let's 
focus on the chemical shifts and integration values for 
these signals. These signals are certainly from the three 
groups connected to oxygen atoms (because of their 
chemical shifts), and we notice that each of these signals 
has an integration of 2H, which allows us to modify the 
fragments above as follows: 


Pon 1 
i-c-o-c-i i-c-on 
H H H 


The singlet at 2.4 ppm has an integration of 1, which can 
be attributed to the OH group. Each of the multiplets 
near 1.5 ppm has an integration of 2H, indicating 
methylene groups that have complex splitting: 


FH 


The triplet at 1.0 ppm has an integration of 3H, 
indicating a methyl group that is connected to a 
neighboring CH» group. 


In summary, we have the following fragments: 
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ae 
i-c-o-c-i 
H z ] H 
u-c- i-6-oH 
v i , 
i-c-c-d 
H H 


There are only two ways to connect these four 
fragments: 


Pee 


vis SNL LS UHR 


The first structure contains an ethyl group, which should 
produce a quartet with an integration of 2 (for the CH2 
portion of the ethyl group). If we inspect the three 
signals between 3.5 and 4 ppm, it is difficult to argue 
that any of these signals is a quartet. While it is difficult 
to be certain, because two of these signals overlap with 
each other, it looks more like each of these signals is a 
triplet, which would be consistent with the second 
structure: 


triplet triplet 


triplet 
pow" 


15.73. The molecular formula (CsH10O) indicates four 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring. This is confirmed 
by the presence of signals just above 3000 cm”! in the IR 
spectrum, and signals at approximately 1600 cm". In the 
'H NMR spectrum, the signals near 7 ppm are likely a 
result of aromatic protons, which also confirms the 
presence of an aromatic ring. Notice that the combined 
integration of these two signals (near 7 ppm) is 4H. 
This, together with the distinctive splitting pattern (a pair 
of doublets), suggests a 1,4-disubstituted aromatic ring: 


The spectrum also exhibits two singlets, each of which 
has an integration of 3H, indicating methyl groups. 
Notice that both signals are shifted downfield (relative 
the benchmark value for a methyl group of 0.9 ppm). 
One of them is shifted much more than other, indicating 
that it is likely next to an oxygen atom. This gives the 
following structure: 


4o—( o0 


This structure is consistent with the ^C NMR spectrum. 
Specifically, there are four signals for the aromatic ring, 
one of which is shifted downfield because it is next to an 
oxygen atom. And the other two signals are for the 
methyl groups, one of which appears above 60 ppm 
because the carbon atom giving rise to this signal is next 
to an oxygen atom. 


15.74. The molecular formula (C5Hi10O) indicates one 
degree of unsaturation (see Section 14.16), which means 
that the compound must either have a double bond or a 
ring. The IR spectrum has a signal at approximately 
3100 cm, indicating the presence of a Csp^—H bond: 


H 

This is consistent with the weak signal at 1600 cm", 
indicating the presence of a C-C double bond (which 
accounts for the one degree of unsaturation). 

The ^C NMR spectrum has two signals between 100 and 
150 ppm, confirming the presence of a C-C double 
bond. In addition, there are three other signals, two of 
which appear between 40 and 80 ppm. These latter two 
signals are characteristic of carbon atoms connected to 
an oxygen atom. Since there is only one oxygen atom in 


the structure (CsH100), these two carbon atoms must be 
connected to it: 


i-c-o-c-1 


In the 'H NMR spectrum, we see the characteristic 
pattern of an ethyl group (a triplet with an integration of 
3 and a quartet with an integration of 2): 


Notice that the quartet appears at 3.5 ppm, indicating that 
the ethyl group is one of the two groups that is connected 
to the oxygen atom: 


ME: 
i-C-o-c-c-H 
mM. d.i 


The signal at 4.0 ppm has an integration of 2, which 
represents a CH» group connected to the other side of the 
oxygen, like this: 


Remember that our structure must include a double 
bond, which completes the structure, and accounts for all 
of the atoms in the molecular formula (CsH100): 


P Pd 


The signals above 5.0 correspond with the vinylic 
protons. There are three signals, and they are all splitting 
each other. Two of them are overlapping, to give a 
combined integration of 2. 


15.75. The molecular formula (CsH1403) indicates that 
the compound has two degrees of unsaturation, so the 
structure must either have two rings, or two double 
bonds, or a ring and a double bond, or a triple bond. 

In the IR spectrum, there are two signals that are 
suggestive of C=O groups, which would account for both 
degrees of unsaturation. 

In the !H NMR spectrum, there are three signals. By 
comparing the heights of the S-curves, we can see that 
the relative integration values are 2:2:3. With a total of 
14 protons (as seen in the molecular formula), these 
relative integration values must correspond to 4:4:6. 
This indicates a high level of symmetry in the 
compound. 

The signal at approximately 1 ppm has an integration of 
6, indicating two methyl groups that are identical 
because of symmetry. This signal is a triplet, which 
means that each of these CH3 groups is neighboring a 
methylene (CH») group. 


triplet triplet 
1 1 
H-O C334C —H 
To 
H H H. H 


Based on the integration and multiplicities of the 
remaining two signals (at 1.7 ppm and 2.5 ppm), we can 
assemble the following two fragments, which must be 
identical by symmetry: 


triplet triplet triplet triplet 
Wd a d 

im I ~ re uu 
H Hp H H H 


Each of the central methylene groups is being split by a 
neighboring methyl group and a neighboring methylene 
group. This could lead to a complex splitting pattern 
(either a triplet of quartets or a quartet of triplets). In this 
case, we are not seeing such a complex pattern. As 
mentioned in the textbook, this can happen when the J- 
values are fortuitously similar. In such a case, the 
system behaves as if it has five neighbors, and the n + 1 
rule gives a sextet, which is what we see in this case. 

Thus far, we have identified the presence of two, 
symmetrically positioned propyl groups, and there are 
two C=O bonds. Since the molecular formula indicates 
that there are three oxygen atoms in this compound, we 
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can deduce the following structure: 


Pe ea 


The IR spectrum is consistent with this structure, in that 
the two signals (at 1755 and 1820 cm!) represent 
symmetrical and unsymmetrical stretching of two C-O 
bonds of the anhydride unit. 

The ?C NMR spectrum is also consistent with this 
structure. We see a carbon atom (of a C=O bond) at 180 
ppm - notice that there is only one signal at 180 ppm, 
because the two carbonyl groups are equivalent by 
symmetry. As expected, three signals appear between 10 
and 60 ppm, corresponding to the three carbon atoms of 
the propyl group (once again, the two propyl groups are 
identical to each other, giving rise to three signals rather 
than six). We can see from the DEPT-135 spectrum that 
two of these signals are methylene groups (because the 
signals are upside down), which is also consistent with 
the structure that we deduced above. 


15.76. A compound with the molecular formula 
CeHioO4 has two degrees of unsaturation, so any 
proposed structure must either have two rings, or two 
double bonds, or a ring and a double bond, or a triple 
bond. 

The signal at 1747 cm’! is likely a C=O bond of an ester, 
which accounts for one of the degrees of unsaturation. 

In the proton NMR spectrum, there are four signals. The 
signal just above 5 ppm has an integration of 1, 
indicating a methine proton (CH), and it is a quartet, 
which indicates a neighboring methyl group. The signal 
for the methyl group should be a doublet (since it is next 
to the methine proton). That signal appears at 1.5ppm. 


MM 


| 
H—-C-CHs 
quartet ||, doublet 


The quartet is significantly downfield (5 ppm), which 
indicates that it is neighbored by an oxygen atom, as well 
as some other group which can also shift the signal 
further downfield. The remaining two signals, just above 
2 ppm and just below 4 ppm, are methyl groups (each 
has an integration of 3). Based on their chemical shifts, 
the former is likely to have a neighboring C=O group, 
while the latter is likely to be next to an oxygen atom: 


(0) 


$—o-chH; CH; 


tdsqipm ~ 2 ppm 


The carbon NMR spectrum reveals that there are actually 
two carbonyl groups in this compound, and the 
molecular formula indicates four oxygen atoms, so it is 
likely that there are two ester groups that are overlapping 
in the IR spectrum (both at approximately 1747 cm). 
This gives us three pieces that must be assembled: 


630 


ie [e 
d yA 
us via OCH; (Ot 


The following structure can be assembled from these 
three pieces: 
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15.77. The molecular formula (CsH1404) indicates that 
the compound has two degrees of unsaturation, so the 
structure must either have two rings, or two double 
bonds, or a ring and a double bond, or a triple bond. 

The signal at 1736 cm”! is likely a C=O bond of an ester, 
which accounts for one of the degrees of unsaturation. 

In the proton NMR spectrum, there are three signals. By 
comparing the heights of the S-curves, we can see that 
the relative integration values are 2:2:3. With a total of 
14 protons (as seen in the molecular formula), these 
relative integration values must correspond to 4:4:6. 
This indicates a high level of symmetry in the 
compound. 

The signal just above 4 ppm has an integration of 4, 
indicating two methylene (CH2) groups that are identical 
because of symmetry. This signal is a quartet, which 
means that each of these two CH» groups is neighboring 
a methyl group. The signal for these methyl groups 
should be a triplet with an integration of 6. That signal 
appears just above 1 ppm. 


triplet quartet quartet 


T i 
H-6—c- i—c-—C6-H 
iji i1 [i 
H H H H 


The quartet is significantly downfield (4 ppm), which 
indicates that it is neighboring an oxygen atom. 


triplet 


m 1 sl 
H-C—6-0-4 ġHotc—c—H 
oi oi 
H H H H 


These two groups cannot be connected to each other, as 
that would not give us an opportunity to connect the 
remaining atoms in the compound. 

The remaining signal, just below 3 ppm, is a singlet with 
an integration of 4, indicating two methylene groups that 
are equivalent by symmetry, with no neighboring 
protons: 


ty HH 


H 


These two groups may or may not be connected to each 
other, but we know that they must be equivalent by 
symmetry, and they cannot have any neighbors. 

The molecular formula indicates two degrees of 
unsaturation and the presence of four oxygen atoms, but 


so far, we have only accounted for one degree of 
unsaturation (C=O) and only three oxygen atoms. The 
fourth oxygen atom, as well as the extra degree of 
unsaturation can be accounted for in the following 
structure which has the necessary symmetry, and is 
consistent with all of the spectra: 


e 


(0) 


Notice that, because of symmetry, there are only four 
different kinds of carbon atoms in this compound, giving 
four signals in the carbon NMR spectrum. Two of these 
signals correspond to methylene (CH2) groups, as 
confirmed by the presence of two upside-down signals in 
the DEPT-135 spectrum. 


15.78. The molecular formula (Cio2HsBr?) indicates that 
the compound has eight degrees of unsaturation, so the 
structure likely contains two aromatic rings (each of 
which represents four degrees of unsaturation). 

In the proton NMR spectrum, there are only two signals, 
with the same relative integration. Since the molecule 
has eight protons (as seen in the molecular formula), we 
must conclude that each signal corresponds to four 
protons. Each of these signals is a doublet indicating 
only one neighboring proton. The following structure is 
consistent with this information: 


In this structure, there are only two different kinds of 
protons, labeled Ha and Hb: 


Hp Ha Ha Hp 


Br Br 


This structure is consistent with the carbon NMR 
spectrum, in which there are only four signals, all of 
which are aromatic: 


15.79. 

(a) The height of the (M+1)* peak indicates that the 
compound has four carbon atoms (1.1% for each carbon 
atom). Since the molecular ion appears at m/z = 104, we 
know that nearly half of the molecular weight is due to 
carbon atoms (12 x 4 = 48). The rest of the molecular 
weight (104 — 48 = 56) must be attributed to oxygen 


atoms and hydrogen atoms. There is a limit to how 
many hydrogen atoms there can be, since there are only 
four carbon atoms. Even if the compound is fully 
saturated, it could not have more than 10 protons (2n+2, 
where n is the number of carbon atoms). Oxygen has an 
atomic weight of 16. Therefore, the compound must 
contain at least three oxygen atoms (otherwise we could 
not account for the rest of the compound using hydrogen 
atoms alone). But the compound cannot contain more 
than three oxygen atoms, because four oxygen atoms 
have a combined atomic weight of 64, which already 
blows our budget, even before we place any hydrogen 
atoms (remember that our budget for O and H atoms is a 
total mass of 56). So, we conclude that the compound 
must have exactly three oxygen atoms. The remaining 
weight is accounted for with hydrogen atoms, giving the 
following molecular formula: C4HsOs. 


(b) The molecular formula (C4HsO3) indicates that the 
compound has one degree of unsaturation, so the 
structure must either have a ring or a double bond. 

In the IR spectrum, the broad signal between 3200 and 
3600 cm’! is characteristic of an O-H bond, and the 
signal at 1742 cm”! is likely a C=O group of an ester. 

In the proton NMR spectrum, there are four signals. By 
comparing the heights of the S-curves, we can see that 
the relative integration values are2: 2: 1: 3. Witha 
total of eight protons (as seen in the molecular formula), 
these relative integration values correspond precisely to 
the number of protons giving rise to each peak. The 
signal just above 1 ppm corresponds to three protons, 
and is therefore a methyl group. Since this signal is a 
triplet, it must be next to a methylene (CH2) group. The 
signal for that methylene group appears as a quartet, just 
as expected (since it is next to the methyl group) above 4 
ppm. The location of this signal indicates that the 
methylene group is likely next to an oxygen atom (since 
it is shifted downfield). So far, we have the following 
fragment: 


1 
O--G—6-H 
H H 


Now let’s explore the remaining two signals in the 
proton NMR spectrum. The signal at approximately 3.6 
ppm (with an integration of 1) vanishes in D20, 
indicating that it is the proton of the OH group 
(confirming our analysis of the IR spectrum). The 
singlet just above 4 ppm has an integration of 2, and 
therefore corresponds with an isolated methylene group 
(no neighbors). This methylene group is shifted 
significantly downfield, and our structure will have to 
take this into account. 

In summary, we have the following fragments, which 
must be assembled. 


ak oH, | Ton 
bee ole au ped 


Since the C=O bond is likely part of an ester (based on 
the IR spectrum), we can redraw the following three 
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fragments: 
H 
OH Coe ti 
"MELOME ML V 
H H H 


These fragments can only be assembled in one way: 


o 
Ho JL A 


This structure is consistent with the carbon NMR 
spectrum, in which there is one signal for the C=O unit, 
two signals between 40 and 80 ppm (both of which must 
be methylene groups, based on the DEPT spectrum), and 
one signal between 10 and 30 ppm (representing the 
methyl group). 


15.80. | N,N-dimethylformamide (DMF) has three 
resonance structures: 


oO 
Z 

H J -ch 
| 
CH3 / CH3 

o9 

A 20h; 
| 


L CH3 — 


Consider the third resonance structure, in which the C-N 
bond is a double bond. This indicates that this bond is 
expected to have some double bond character. As such, 
there is an energy barrier associated with rotation about 
this bond, such that rotation of this bond occurs at a rate 
that is slower than the timescale of the NMR 
spectrometer. Therefore, the two methyl groups will 
appear as distinct signals in a 'H NMR spectrum and in a 
IBC NMR spectrum. At high temperature, more 
molecules will have the requisite energy to undergo free 
rotation about the C-N bond, so the process can occur on 
a timescale that is faster than the timescale of the NMR 
spectrometer. For this reason, the signals are expected to 
collapse into one signal at high temperature. 


15.81. The first compound lacks a chiral center. The 
two methyl groups are enantiotopic and are therefore 
chemically equivalent. The second compound has a 
chiral center (the position bearing the OH group). As 
such, the two neighboring methyl groups are 
diastereotopic and are therefore not chemically 
equivalent. For this reason, the ^C NMR spectrum of 
the second compound exhibits six signals, rather than 
five. 


15.82. The molecular formula (CsHio) indicates four 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring. The aromatic ring 
accounts for six of the eight carbon atoms, so we must 
account for the other two carbon atoms, which must be 
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sp? hybridized. However, only one signal appears in the However, only one of these compounds, shown below, 
region 10 — 60 ppm, suggesting that the two sp? will exhibit four signals in the region 100 — 150 ppm. 
hybridized carbon atoms are interchangeable by 


symmetry. This can be achieved in any of these three 

compounds: 
15.83. The methyl group on the right side is located in 
the shielding region of the x bond, so the signal for this 
proton is moved upfield to 0.8 ppm. 


15.84. Brevianamide S has a high degree of symmetry. In fact, there is a rotational axis of symmetry that runs right 
through the molecule. Therefore, only half of the molecule will need to be analyzed. 


The compound lacks a chiral center and is achiral. As a result, the two protons for any methylene (CH?) group will be 
equivalent to each other. There are two unique methylene groups (highlighted below), giving rise to two unique 
signals: 


NS 


In addition, the methyl groups will all be equivalent, giving rise to one signal. The predicted chemical shift for all 
signals is shown below: 
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Methyl protons (CH3) =|~ 0.9 ppm 


Actual = 1.54 ppm 


Vinylic proton (CH) =|~ 4.5-6.5 ppm 


Actual = 5.10 ppm Vinylic proton (CH) =|~ 4.5-6.5 ppm 
Vinylic proton (CH) =|~ 4.5-6.5 ppm 


Actual = 7.18 ppm 


Actual = 5.11 ppm 
PR Allylic methylene protons (CH2) = |~ 2.0 ppm 
Actual = 3.13 ppm 
Vinylic proton (CH) =|~ 4.5-6.5 ppm 


Actual = 6.11 ppm 


Actual = 7.43 ppm 


A 
Aryl proton (CH) = |= 6.5-8.0 ppm 


Actual = 7.13 ppm 


Aryl proton (CH) = |= 6.5-8.0 ppm 


rA | Actual = 7.29 ppm 
Aryl proton (CH) = |~ 6.5-8.0 ppm 


Actual = 7.04 ppm 


The multiplicity of each proton is determined with the n + 1 rule, as shown below. Note: complex splitting is observed 
for all three protons of the vinyl group. 


doublet of doublets 


singlet 
doublet of doublets 
ES singlet 


doublet — (Bj C) 


PA triplet 


— ——» triplet 


| doublet 
triplet triplet 
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15.85. 

(a) The two most acidic protons are at C9 and CS. 
Deprotonation at C9 leads to a resonance-stabilized 
anion in which the negative charge is delocalized over 
three carbon atoms, while deprotonation at C5 leads to a 
resonance-stabilized anion in which the negative charge 
is delocalized over four carbon atoms. The C5 anion is 
more stable than the C9 anion (since the negative charge 
is more highly delocalized). As such, the proton at C5 is 
the most acidic proton. Deprotonation at C5 yields the 
following anion, with four resonance structures: 


"Ne 
eS y 
" A 

soo £48 
| J _ J 


1a 
(b) To look for symmetry and equivalent protons, let's 
consider the resonance hybrid for the anion 1a: 


When viewed in this way, we can see that anion 1a 
possesses symmetry, rendering positions C8 and C9 
equivalent. Similarly, Cl and C7 are equivalent. 
Therefore, we expect only five signals in the proton 
NMR spectrum of 1a. 


(c) Once again, we can use the resonance hybrid to 
explain this effect: 


shielded 
shielded 


1a 


Positions C1 and C3 are electron-rich due to the negative 
charge that is distributed over those positions via 
resonance Therefore, the protons at positions C1 and C3 
are shielded and farther upfield (around 3.5 ppm). The 
protons at positions C2 and C4 are less shielded, and 
they produce signals farther downfield (around 5.6 ppm). 


(d) Anion 2a does not possess the same symmetry as 1a, 
due to the presence of the methyl groups. That is, each 
and every position is unique (for example, C1 is not 
equivalent to C7). Therefore, we expect nine signals for 
anion 2a, shown below: 


2a 


Note that the two methyl groups of 2a are identical and 
give one signal. 

Inspecting the resonance hybrid, we expect four signals 
in the range of 3 — 4 ppm, and three signals in the range 
5 — 6 ppm, as shown below: 


: not shielded 
shielded (5 - 6 ppm) 


3-4 
(324 ppm) shielded 


(3 -4 ppm) 
va 


H 
H not shielded 
HaC H €— 6-6 ppm) 
H3C i 7 
H 
A shielded 
2a N (3 - 4 ppm) 
shielded ! 
not shielded 
G-^PPT) ^ (5-6 ppm) 


The following are the actual data from the proton NMR 
spectrum of 2a, which supports our prediction. 


3.23 ppm 


2.58 ppm > d 


H3C 
0.96 ppm 3 
ppm => HAC 


5.44 ppm 


15.86. 

(a) The nitro group is a powerful electron-withdrawing 
group (primarily due to resonance), which renders three 
positions on the ring electron-poor (highlighted below). 
This effect should cause Ha to be deshielded: 


electron-withdrawing 


\ 


O2N CF, 
ô+ 
Ha He 
ô+ 
Hí 4 Nh 


The amino group is a powerful electron-donating group 
(via resonance), which renders three positions on the ring 
electron-rich (highlighted below). This effect should 
cause Hp and H. to be shielded: 


electron-donating 


Based on these effects alone, we expect Ha to be 
downfield (deshielded) relative to H» and He, and we 
expect that Hp and He will be upfield (shielded) relative 
to Ha. That is, based solely on the resonance effects of 
the nitro group and the amino group, we expect Ha to 
give the signal farthest downfield. 

There is, however, one other group on the aromatic ring. 
The trifluoromethyl group is a powerful electron- 
withdrawing group, via induction (rather than 
resonance). As such, we expect its effect to diminish 
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with distance, so Ha should be affected less than He. 
While this effect deshields He more than Ha, we would 
not expect this inductive effect to overwhelm the two 
resonance effects that suggest that Ha gives the most 
downfield signal. After all, there are two different 
resonance effects suggesting Ha is the most downfield 
signal, AND resonance is generally a stronger effect than 
induction. 


(b) This transformation involves conversion of the amino 
group into an amide group. This has an impact on the 
lone pair on the nitrogen atom of the amine/amide; in 1 it 
is completely available for resonance into the ring, but in 
2, the adjacent carbonyl group involves this lone pair in 
resonance, pulling it away from the ring. As such, there 
are three positions on the ring that are the most affected, 
highlighted below: 


ON CFa 
ON CF; 
Ha He 
Ha Ho — Oo 
Hp N 
He 4 NH 2 H 


In both compound 1 and compound 2, these three 
positions are shielded. But the shielding effect is greater 
in compound 1 than in compound 2. In other words, 
these three positions become less shielded. As a result, 
we expect the signals for Hb and He to be more affected 
by this transformation than the signal for Ha. 
Specifically, Hb and He become less shielded as a result 
of this transformation, so we expect those two signals to 
move farther downfield. 

The actual chemical shifts (shown below) support our 
predictions. 


7.04 ppm 
OoN CF3 y 
8.01 ppm œ> Ha He 
6.79 ppm C———» Hg NH2 
1 
8.30 ppm 
O-N CF3 
8.19 ppm œ= Ha He 
O 
8.05 ppm C———» Hp N 
2 H 
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15.87. 
(a) We are looking for the proton that is expected to be the most deshielded. In other words, we must identify the 
proton that resides in the most electron-deficient environment. Let’s begin by considering resonance effects of the 


diethyl amino group: 


These resonance structures indicate that the diethylamino group donates electron density, so it has the opposite effect of 
what we are looking for; that is, the diethylamino group renders the following positions electron-rich: 


e 


The oxygen atom incorporated in the ring has a similar effect on the same positions: 


Ó 


N N 
n ~~N O 


«6o: “o t 0e 
A 


So we explore the effect of the ketone group, and we draw the following resonance structures: 
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© o 
Ny o^ So WD o^ So TOP ASA 6^ 8 
E x E 


o 


o | o 
o o o 
® 

EXT 

N o^ 3 RS o^ So ^) o^ So 
o o 
o o 
a 
Do o d Soc So 


Notice that these resonance structures indicate that several positions are electron-deficient. 


E 


A similar effect is expected from the ester group: 


fe o 

: Ga --- 

Mn o^ o Mn oo 
» P i 


In summary, if we take into account a// resonance effects (described above), the following picture emerges: 


bu d fe) 


Notice that only two protons are directly attached to electron-deficient centers: 
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NN 


These are the two protons that are expected to produce the two signals farthest downfield in the proton NMR spectrum. 


(b) In compound 1, the C4 position is electron-deficient, as seen in the third resonance structure below: 


4 [e 
"us PN 
ono O O 
[S] [S] 


ote 


and the C3 position is electron-rich, as highlighted below: 


S S Oo "3 
(OA -— SGT X paca, Bt S .. 
I. I. 
«jo ~o (X 89$ 9 05-9 


As a result, the C3-C4 x bond is highly polarized and is expected to produce a strong signal. 


A similar effect is expected in compound 2, but the effect should be much stronger, because the presence of the 
diethylamino group renders C3 even more electron-rich: 


o 
ert 

PS o^ So M 

24 E 


And the presence of the ketone renders C4 even more electron-deficient, as highlighted below: 


© 
o 
S. o 
y o a ee o^ No HS 
P > 


Therefore, the C3-C4 bond in compound 2 is expected to be even more polarized than the C3—C4 bond in compound 1. 
So, compound 2 is expected to produce a stronger (more intense) signal. 


Chapter 16 
Conjugated Pi Systems and Pericyclic Reactions 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 16. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e Conjugated dienes experience free-rotation about the C2-C3 bond, giving rise to two important 


conformations: s- and s- . The conformation is lower in energy. 

e The and are referred to as frontier orbitals. 

e An state is produced when a z electron in the HOMO absorbs a photon of light 
bearing the appropriate energy necessary to promote the electron to a higher energy orbital. 

e Reactions induced by light are called reactions. 

e When butadiene is treated with one equivalent of HBr, two major products are observed, resulting 
from -addition and -addition. 

e Conjugated dienes that undergo addition at low temperature are said to be under 
control. 

e Conjugated dienes that undergo addition at elevated temperature are said to be under 

control. 

e. reactions proceed via a concerted process with a cyclic transition state, and 
they are classified as cycloaddition reactions, reactions, and sigmatropic 
rearrangements. 

e The Diels—Alder reaction is a [ ] cycloaddition in which two C-C bonds are formed 
simultaneously. 


e High temperatures can often be used to achieve the reverse of a Diels—Alder reaction, called a 
Diels—Alder. 

e The starting materials for a Diels—Alder reaction are a diene, and a : 

e The Diels-Alder reaction only occurs when the diene adopts an conformation. 

e When cyclopentadiene is used as the starting diene, a bridged bicyclic compound is obtained, and 


the cycloadduct is favored over the cycloadduct. 
e Conservation of orbital symmetry determines whether an electrocyclic reaction occurs in a 
fashion or a fashion. 
e Al ] sigmatropic rearrangement is called a Cope rearrangement when all six atoms 


of the cyclic transition state are carbon atoms. 
e Compounds that possess a conjugated a system will absorb UV or visible light to promote an 
electronic excitation called a transition. 
e The most important feature of the absorption spectrum is the , which indicates the 
wavelength of maximum absorption. 
e When a compound exhibits a Amax between 400 and 700 nm, the compound will absorb 
light, rather than UV light. 
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Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 16. The answers appear in the section entitled Skil/Builder Review. 


16.1 Proposing a Mechanism and Predicting the Products of Electrophilic Addition to Conjugated 
Dienes 


In the space provided, draw a mechanism for the reaction that is expected to occur when the following compound is treated with 
HBr. Make sure to draw all possible products. 


HBr 
(1 equivalent) 


16.2 Predicting the Major Product of an Electrophilic Addition to Conjugated Dienes 


Draw the major product of the following reaction: 
HBr (1 equivalent) = 
oc 


16.3 Predicting the Product of a Diels-Alder Reaction 


Draw the major product of the following reaction: 


Keren 


Z 
a 
ENS 


16.4 Predicting the Product of an Electrocyclic Reaction 


Draw the major product of the following reaction: 


Ph 
| BS hv 
ZA 
Ph 


16.5 Using Woodward-Fieser Rules to Estimate Amax 


Use woodward-Fieser rules to estimate Base value 
X max for the following compound: Additional double bonds 
Auxochromic alkyl bonds 

Exocyclic double bond 


ES Homoannular diene 
Total = 


COD 
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Review of Reactions 

Predict the Products for each of the following transformations. To verify that your answers are correct, 
look in your textbook at the end of Chapter 16. The answers appear in the section entitled Review of 
Reactions. 


Preparation of Dienes 


t-BuOK 
PT. 
s t-BuOK 
————————— 
Br 
Electrophilic Addition 
HBr (1 equiv. 
Z^ (1 equiv.) 
Bro (1 equiv.) 
zu umm. 


Diels—Alder Reaction 
Diels-Alder 


X 


f 


AN 


N Retro Diels-Alder — ^^ 


(very high temperature) 


FN FN 
P 
=y 
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Electrocyclic Reactions 


| SS heat 
ZA 
Z heat 


Sigmatropic Rearrangements 


Cope Rearrangement 


BEN heat 
Z 


Claisen Rearrangement 


oS heat 


Mistakes to Avoid 


Many students have trouble drawing the product(s) of a Diels-Alder reaction when bicyclic structures are 


involved: 
X X 
Ejus — Nr. 
X 


You might have trouble visualizing these structures, drawing them, or knowing where to place the 
substituents. The following are a few guidelines that might help you avoid making mistakes. 
In a Diels-Alder reaction, an acyclic diene will give a product with a cyclohexene ring: 


oo eeu 


Acyclic diene 
(no ring) 
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However, if the diene is cyclic (both x bonds are contained in the ring), then the product is a bicyclic 


structure: 
i ei —— ALES 


Cyclic diene H 


Formation of the bicyclic structure can be seen more clearly if we redraw the cyclic diene with distorted 


bond angles, like this: 
H 
H — > / H 
H l 
H 
H 


H H 


The dotted lines indicate the locations where o bonds are forming as a result of the reaction. When the 
dienophile is monosubstituted or cis-disubstituted, the endo rule determines the product(s) obtained: 


X 
H 
O- | —4 a 
X 


H 
+ | ——————— Y H 
l 
X SS endo 


However, when a trans-disubstituted dienophile is used, the endo rule is not relevant. Two stereoisomeric 
products are obtained (in this case, enantiomers), and in each product, one group occupies an endo position 
while the other group occupies an exo position (because the trans configuration of the dienophile is 
preserved during a Diels-Alder reaction): 


X 
X 
O + = ———- Y H + 
* H 
X 
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Useful reagents 


CHAPTER 16 


The following is a list of reagents used in this chapter: 


Reagents 


Function 


t-BuOK 


A strong, sterically hindered base, used to convert a 1,2-dibromide or an allylic 
bromide into a conjugated diene. 


Will add across a conjugated m system to give two products: a 1,2-adduct and a 
1,4-adduct. 


Will add across a conjugated m system to give two products: a 1,2-adduct and a 
1,4-adduct. 


1,3-Butadiene. Can serve as a diene in a Diels-Alder reaction. 


1,3-Cyclopentadiene. Can serve as a diene in a Diels-Alder reaction. 


Can serve as a dienophile in a Diels-Alder reaction, especially if the substituents 
(X) are electron-withdrawing groups. The cis configuration of the dienophile is 
preserved in the product. 


Can serve as a dienophile in a Diels-Alder reaction, especially if the substituents 


Xx NZ (X) are electron-withdrawing groups. The trans configuration of the dienophile 

is preserved in the product. 
L di Can serve as a dienophile in a Diels-Alder reaction, especially if the substituents 

x^ di (X) are electron-withdrawing groups. 
When you see “heat” without any other reagents indicated, consider the 

heat possibility of a pericyclic reaction (cycloaddition, electrocyclic reaction, or a 
sigmatropic rearrangement). 

dy When you see this term (pronounced H-new), or “light”, without any other 


reagents indicated, consider the possibility of an electrocyclic reaction. 


Solutions 

16.1. 

(a) The C=C bond in this compound is conjugated to 
two of the carboxylic acid groups: 


HO conjugated 


(b) The C=C bond on the left is isolated, while the other 
two C=C bonds are conjugated to each other. 


conjugated 


Vul d 
Ld do 


(c) One of C-C bonds is conjugated to the carbonyl 
(C=O) group, and the other C=C bond is isolated: 


isolated 


VA 


= 


conjugated 


(d) One of C=C bonds is conjugated to the carbonyl 
group, and the other C=C bond is isolated: 


isolated ò 


- — — conjugated 


16.2. Radical bromination can be employed to install a 
functional group. The resulting alkyl halide can then be 
treated with a strong base to give an alkene. 
Bromination of the alkene will give a dibromide, which 
can then be converted into the product upon treatment 
with a strong, sterically hindered base, such as tert- 
butoxide. This final step involves two elimination 
reactions, giving the desired diene: 
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1) Bro, Av 
2) NaOEt 


3) Br; 
4) t-BuOK (2 eq.) | 


Br 
"Br 


16.3. The C1-C2 bond length is expected to be the 
shortest because it is a double bond (comprised of both a 
o bond and a x bond): 


LAC SUE 
3 


Among the other two bonds, C2-C3 is expected to be 
shorter than C3—C4 because the former is a Csp-Csp 
bond, while the latter is a Cs—Cs» bond (sp? hybridized 
orbitals form shorter bonds because sp? hybridized 
orbitals are closer to the nucleus than sp? hybridized 
orbitals due to a greater amount of s-character). 


Increasing Bond Length 


C1-C2 C2-C3 C3-C4 

16.4. 

(a) All three of these compounds will yield the same 
product (ethylcyclohexane) upon hydrogenation with 
two moles of hydrogen gas. Yet only one of these 
compounds is a conjugated diene, shown below. 


QU 


The other two compounds exhibit isolated t bonds. The 
conjugated diene will liberate the least heat because it is 
the most stable of the three compounds (lowest in 
energy). 


(b) The following compound is expected to liberate the 
most heat upon hydrogenation with two moles of 


hydrogen gas: 
p 
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This isolated diene will liberate more heat than the other 
isolated diene, because it is the least stable diene. The x 
bonds in this compound are not as highly substituted 
(one x bond is monosubstituted and the other is 
disubstituted). In the other isolated diene, the x bonds 
are disubstituted and trisubstituted (and therefore more 
stable). 


16.5. This compound is comprised of eight, consecutive, 
overlapping, p orbitals, giving rise to eight molecular 
orbitals: 


ZA OWN O~ 7 


There are eight x electrons, which occupy the four lower 
energy MOs (the bonding MOs). In the ground state, y. 
is the HOMO and wy: is the LUMO, as shown. 
Photochemical excitation causes one electron to be 
promoted from w. to ys. In the excited state, ws is the 
HOMO and y. is the LUMO: 


GROUND EXCITED 
STATE STATE 
—— Ws — Ws 
SW — N^ 
—— Wo —— Ws LUMO 
— — Ws LUMO an Ws HOMO 
E 5 5 
d | d 
— + Ws HOMO —— Wa 
j À 
A y, A y, 
À d 
Eu Vs E Vs 
J d 
Maj Bi 


16.6. 

(a) We first identify the locations where protonation can 
occur. There are four unique positions where 
protonation can occur, labeled C1 through C4: 


2 4 
1 ZN. 
3 


Among these four positions, only protonation at C1 or at 
C4 will generate a resonance-stabilized carbocation. So, 
we must explore protonation at each of these positions. 
Let’s begin with protonation at Cl, which leads to a 
resonance-stabilized intermediate. When we draw both 
resonance structures, we can see that two positions are 
electrophilic. Nucleophilic attack can occur at either of 


these locations, although the product is the same in either 
case, leading to only one product: 


© 
SS E Ea Su 
o o 
CI CI 
CI CI 
Joe N = p 
(racemic) (racemic) 


Notice that the product possesses a chiral center and is 
therefore produced as a racemic mixture (because the 
chloride ion can attack either face of the allylic 
carbocation with equal likelihood). 

Now let's consider protonation at C4. Once again, 
protonation leads to a resonance-stabilized intermediate. 
When we draw both resonance structures, we can see 
that two positions are electrophilic. Nucleophilic attack 
can occur at either of these locations, giving two possible 
products, as shown: 


a 


Ps t 
"S 
Lo 
Cl: 
lm” 


zs 


d 

iir 

Z2 
CI 


(racemic) 


In summary, we expect the following possible products: 


Cl 
Pas anes 
+ 
(racemic) Cl 
(racemic) 
QI Se SS 


(b) We first identify the locations where protonation can 
occur. There are four unique positions where 
protonation can occur, labeled C2, C3, C4, and C5: 


Among these four positions, only protonation at C2 or at 
C5 will generate a resonance-stabilized carbocation. So, 
we must explore protonation at each of these positions. 
Let’s begin with protonation at C5, which leads to a 
resonance-stabilized intermediate. When we draw both 
resonance structures, we can see that two positions are 
electrophilic. Nucleophilic attack can occur at either of 
these locations, giving rise to two products: 


1 ZZ 
il 
i 
e © 
Z BN 
iC E 
di | i 
CI 
CI 
ao + BEN 
(racemic) 


Notice that one of the products possesses a chiral center 
and is therefore produced as a racemic mixture (because 
the chloride ion can attack either face of the allylic 
carbocation with equal likelihood). 

Now let's consider protonation at C2. Once again, 
protonation leads to a resonance-stabilized intermediate. 
When we draw both resonance structures, we can see 
that two positions are electrophilic. Nucleophilic attack 
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can occur at either of these locations, giving two possible 
products, as shown: 


e 
Cl e 
a 
Cl + BN 
CI 
(racemic) 


In summary, we expect the following possible products: 


CI 
CI 
Oo + ^" 
(racemic) 
Z + BN 
Cl Cl 
(racemic) 


(c) We first identify the locations where protonation can 
occur. There are four unique positions where 
protonation can occur, although a resonance-stabilized 
intermediate can only be obtained upon protonation of 
one of the ends of the conjugated x system, highlighted 
below: 


We must explore protonation at each of these positions. 
Let's begin with protonation of the position on the left, 
which leads to a resonance-stabilized intermediate. 
When we draw both resonance structures, we can see 
that two positions are electrophilic. Nucleophilic attack 
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can occur at either of these locations, giving rise to two 
products: 


ix 
| 


MS 

Br: :Br: 

E, n 
Br 
+ 
Br 

(racemic) (racemic) 

| | 


Notice that each of the products possesses a chiral center 
and is therefore produced as a racemic mixture (because 
the bromide ion can attack either face of the allylic 
carbocation with equal likelihood). 

Now let’s consider protonation at the position on the 
right. Once again, protonation leads to a resonance— 
stabilized intermediate. When we draw both resonance 
structures, we can see that two positions are 
electrophilic. Nucleophilic attack can occur at either of 
these locations, giving two possible products, as shown: 


çl 


Br 


ry 


aS 
i 


= 
Br 
+ 
Br 
(racemic) (racemic) 


In summary, we expect the following possible products: 


Roe 


(racemic) (racemic) 
Br 
Br 
(racemic) (racemic) 


16.7. The first diene can be protonated either at C1 or 
at C4. Each of these pathways produces a resonance- 
stabilized carbocation. And each of these carbocations 
can be attacked in two positions, giving rise to four 
possible products. 

In contrast, the second diene yields the same carbocation 
regardless of whether protonation occurs at C1 or at C4. 
This resonance-stabilized carbocation can be attacked in 
two positions, giving rise to two products (not four). 
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16.8. Recall that MCPBA produces an epoxide when it reacts with a carbon-carbon double bond. Compound 1 has two 
double bonds, so there are two possible epoxides that can be produced (not including stereoisomers). These 
constitutional isomers are compounds 2 and 3 (it does not matter which epoxide is labeled 2 and which is labeled 3). 


OCH3 OCH; OCH; 
aa MCBPA a + 
——— Ó 
(1 equiv.) 
1 Ò 2 3 


In the conversion of compound 2 into compound 4, the mechanism begins with a proton transfer to give a protonated 
epoxide. Then, as indicated in the problem statement, the epoxide can open to give a resonance-stabilized allylic 
cation. After drawing the resonance structures of this allylic carbocation, nucleophilic attack by water, followed by a 
proton transfer, generates compound 4. 


CH3 N CH3 OCH; 


o 2 o 
H-O: 
Z H Z 
$35 208 
H 
:ÓH OCH, Gay GOS OCh; 
"o: "o: (©) 
4 


OH OH 


Likewise, the mechanism for the conversion of compound 3 into compound 4 begins with a proton transfer to create a 
protonated epoxide. The epoxide then opens to give a resonance-stabilized allylic cation. Nucleophilic attack by water, 
followed by a proton transfer, generates compound 4. 


H i 
OCHs fv. OCH3 (OH OCH; 


:OH Tog 
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16.9. 

(a) The diene is symmetrical, so protonation at one end 
of the conjugated system is the same as protonation at 
the other end of the conjugated system: 


Therefore, we only need to consider protonation at one 
of these locations, which gives a resonance-stabilized 


cation: 
© 
Ch QC 
© 


This cation has two electrophilic positions and can be 
attacked at either of these two positions to give the 
following two possible products, as shown. 


(1 equiv) eR 
40°C 


minor 
At elevated temperature, the thermodynamic product (the 
compound with the more substituted m bond) is expected 
to predominate. 


major 


(b) The diene is symmetrical, so protonation at one end 
of the conjugated system is the same as protonation at 
the other end of the conjugated system: 


Therefore, we only need to consider protonation at one 
of these locations, which gives a resonance-stabilized 


cation: 
© 
=_——_ 
® 


This cation has two electrophilic positions and can be 
attacked at either of these two positions to give the 
following two possible products, as shown. 


HCl 
(1 equiv.) Cl 
———- 


o 
oc Ci 


minor major 
At reduced temperature, the kinetic product (resulting 
from 1,2-addition) is expected to predominate. 


(c) The diene is symmetrical, so protonation at one end 
of the conjugated system is the same as protonation at 
the other end of the conjugated system: 


Therefore, we only need to consider protonation at one 
of these locations, which gives a resonance-stabilized 
cation: 


[eee IS 


This cation has two electrophilic positions and can be 
attacked at either of these two positions to give the 
following two possible products, as shown. 


HBr (1 equiv.) 
; BEY "c 


che Qo 


major Br minor 


At reduced temperature, the kinetic product (resulting 
from 1,2-addition) is expected to predominate. 


16.10. In this case, the x bond in the 1,2-adduct is more 
substituted than the a bond in the 1,4-adduct 
(trisubstituted rather than disubstituted). As a result, the 
1,2-adduct predominates at either low temperature or 
high temperature. 


16.11. We first identify the locations where protonation 


can occur. There are four unique positions where 
protonation can occur, labeled C1 through C4: 


n dd 
T 


Among these four positions, only protonation at C1 or at 
C4 will generate a resonance-stabilized carbocation. So, 
we must explore protonation at each of these positions. 
Protonation at Cl leads to a resonance-stabilized 
intermediate with carbocationic character shared 
between a secondary and a primary carbon: 


Oe 
HET 


^| 


e 
d nd PRI d od 
OH © OH 


Secondary allylic Primary allylic 
Protonation at C4, however, leads to a resonance- 
stabilized intermediate with carbocationic character 
shared between a tertiary carbon and primary carbon: 


zi 


ads Pr [o] md Pr 
OH OH 
Tertiary allylic Primary allylic 

As observed with Markovnikov’s Rule, protonation of a 
x bond will occur in the position that leads to the more 
stable carbocation intermediate, so the reaction begins 
with protonation at C4. When both resonance structures 
of the resulting carbocation intermediate are drawn, we 
can see that two positions are electrophilic. Nucleophilic 
attack of the iodide ion can occur at either of these 
locations, giving rise to two products. Under 
thermodynamic control, the major product is the more 
stable compound with the more substituted x bond, as 
shown below: 
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NAE D ee 
I OH I OH 


1,2-Adduct (kinetic) 
Minor 


1,4-Adduct (thermodynamic) 
Major 


16.12. 

(a) This polymer is similar in structure to neoprene, but 
the chlorine atom has been replaced with a cyano group. 
So the starting material should be similar in structure to 
chloroprene (the monomer of neoprene), except that the 
chlorine atom is replaced with a cyano group: 


CN 
Z 


(b) This polymer is comprised of repeating units that 
bear two substituents (both fluorine atoms). The 
following monomer is necessary. 


Ag 
F 
16.13. 


(a) The dienophile has a cis configuration, which is 
preserved in the product. This product is superimposable 
on its mirror image, so it does not have an enantiomer. It 
is a meso compound. 


i9) i9) 
ZA "ud "ud 
sfl =y 
ANS Oo. PR 
i9) (0) 
(meso) 


(b) The dienophile has a cis configuration, which is 
preserved in the product. This product is superimposable 
on its mirror image, so it does not have an enantiomer. It 
is a meso compound. 
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9) 
COOH 
C CO 
+ | 
Su COOH BH 
i9) 
(meso) 


(c) The dienophile has a trans configuration, which is 
preserved in the product. This product is chiral (it is not 
superimposable on its mirror image — its enantiomer), 
and both enantiomers are expected to be formed. 


O 
i (6) 
+ Z T 
y ~My 


+En 


(d) The dienophile is an alkyne, and therefore, the 
product has an additional x bond (it is a cyclohexadiene). 
The product does not have any chiral centers (no wedges 
or dashes). 


A, l 


(e) The dienophile has a cis configuration, which is 
preserved in the product. This product is superimposable 
on its mirror image, so it does not have an enantiomer. It 
is a meso compound. 


ò O 
Z 
20 6 = o 
NN 
[9) 


(meso) 


(f) The dienophile is an alkyne, and therefore, the 
product has an additional x bond (it is a cyclohexadiene). 
The product does not have any chiral centers (no wedges 
or dashes). 


(g) The dienophile has a cis configuration, which is 
preserved in the product. This product is chiral (it is not 
superimposable on its mirror image — its enantiomer), 
and both enantiomers are expected to be formed. 


o O 
Z 
+ c + En 
ANS 


(h) The dienophile is an alkyne, and therefore, the 
product has an additional x bond (it is a cyclohexadiene). 
The product does not have any chiral centers (no wedges 
or dashes). 


di T OH 
C+ il — 
ENS 


(i) The dienophile is a monosubstituted alkene, giving a 
cycloadduct with one chiral center. This product is 
chiral (it is not superimposable on its mirror image — its 
enantiomer), and both enantiomers are expected to be 
formed. 


CFO 


+En 


16.14. 

(a) The Diels-Alder reaction forms two new C-C bonds, 
so the retrosynthesis of a Diels-Alder product requires 
the identification and disconnection of these two bonds. 
The product exhibits a cis orientation of the cyano 
groups, so the dienophile must have the cis configuration 


as well. 
CN 
CN Z 
=> + | 
CN x CN 


(b) The Diels-Alder reaction forms two new C-C bonds, 
so the retrosynthesis of a Diels-Alder product requires 
the identification and disconnection of these two bonds. 
The product exhibits a cis configuration, so the 
dienophile must have the cis configuration as well 
(although in this case, a trans configuration is not 
possible in a six-membered ring). 


GO =¢-0 


(c) The Diels-Alder reaction forms two new C-C bonds, 
so the retrosynthesis of a Diels-Alder product requires 
the identification and disconnection of these two bonds. 
In this case, there are no stereochemical outcomes to be 
accounted for (one new chiral center is generated, so the 
product is formed as a racemic mixture, as usual). 


ee. se, we 
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(d) The Diels-Alder reaction forms two new C-C bonds, 
so the retrosynthesis of a Diels-Alder product requires 
the identification and disconnection of these two bonds. 
The product exhibits a trans orientation of the ester 
groups, so the dienophile must have the trans 
configuration as well. Note that the retrosynthesis of 
either enantiomer leads to the same starting materials. 


COzEt Z CO5Et 
SS i | 
EtO;C 


"C OsEt 


16.15. A Diels-Alder reaction produces a cyclohexene adduct. It follows that a hetero-Diels-Alder reaction should 
produce a cyclohexene-type product in which one or more of the carbon atoms of the cyclohexene ring are replaced 
with nitrogen or oxygen. Analysis of the macrocyclic product reveals two such moieties, highlighted below. 


Si. ee 

[9] [8] 

Ph Oo [9] Ph 
[0] [8] 
Wi 


A retrosynthetic analysis, shown here, demonstrates that this product can be produced from two equivalents of the 
acyclic reactant, arranged head-to-tail, where the four disconnected bonds are produced in two hetero-Diels-Alder 


reactions. 


ND 
Oo Oo 


o 
h 
— Jx \— 
Ph O O Ph = cS Oe Ph 
O o 
LJ O 


A mechanism consistent with this reaction is presented below. In the first step, the terminal alkene group of the bottom 
molecule serves as the “dienophile”. On the top molecule, the alkene group next to the phenyl group and the adjacent, 
conjugated ketone serve the role of the “diene” (although in this case it is not formally a diene since one of the carbon 
atoms has been replaced by oxygen). This hetero-Diels-Alder reaction produces the first six-membered ring as shown. 
A second hetero-Diels-Alder reaction then proceeds at the other terminus of the molecule, thus producing the 


macrocyclic product. 
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o 
\— 
Jr 


O 


Ph X B 
C o 
O 


Cle 
ii 


16.16. 

(a) The 25, 4E isomer is expected to react more rapidly 
as a diene in a Diels-Alder reaction, because it can 
readily adopt an s-cis conformation. 


rotate 


AAA 


Rm 


(2E,4E)-hexadiene 


In contrast, the 2Z,4Z isomer is expected to react more 
slowly as a diene in a Diels—Alder reaction, because it 
cannot readily adopt an s-cis conformation, as a result of 
steric interactions between the terminal methyl groups, 
as shown below: 


rotation 
hindered 


je gl. 


Me)(Mé 
(2Z,4Z)-hexadiene 

(b) One compound is locked in an s-cis conformation 
and will therefore be the most reactive in a Diels-Alder 
reaction. Another compound is locked in an s-trans 
conformation and will therefore be completely 
unreactive in a Diels-Alder reaction. The third molecule 
is drawn in an s-trans conformation but can adopt an 
s-cis conformation via rotation around the central C—C 
bond. 


O 
m 
= \— 
— wa! ye 


MN 
Ó o 
Ph Ò > 


Increasing reactivity in Diels-Alder reactions 


locked in an locked in an s-cis 
s-trans conformation 
conformation 
16.17. 


(a) The diene is cyclic and the dienophile has a cis 
configuration, so we must consider the endo rule. 
Specifically, we draw the cycloadduct in which the 
cyano groups occupy endo positions. This product has 
an internal plane of symmetry and is a meso compound, 
so it has no enantiomer. 


CN H 
E * | ———- / H 
[ 
CN CN 
CN 
(meso) 


If you have trouble seeing how the bicyclic framework is 
produced by this reaction, consider the following 
drawing in which the bond angles have been distorted to 
show how the bicyclic structure is formed: 


NC 


NC H 


In this drawing, the dotted lines indicate the new o bonds 
that are formed during the Diels-Alder reaction. 


(b) The diene is cyclic, but the dienophile has a trans 
configuration. Therefore, the endo rule is not relevant in 
this case. Two products are expected, because the 
reaction can either occur like this, 


(0) 


— [9] 
— CN 
CN —- / H 
H [ 
H 
CN 
NC H 


or the reaction can occur like this: 


[9] 
H 
He —- f CN 
NC | 
CN 
H 


H CN 


[o] 


Either way, one group will occupy an endo position and 
the other group will occupy an exo position, because the 
configuration of the dienophile is preserved during a 
Diels-Alder reaction. Notice that the two possible 
products are non-superimposable mirror images of each 
other, so they represent a pair of enantiomers: 


CN 
E / 
M. 
NC 
[e o 


CN H 


Enantiomers 
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This can also be indicated in the following way: 
[9] 


+ ——- 
[—— // H 
IL NC * En 


H 
CN 


(c) The diene is cyclic, and the endo rule indicates that 
the substituent should occupy an endo position in the 
product. With this restriction in mind, the reaction can 
either occur like this, 


H 
H — ff H 
OHC | 
CHO 
H 
H H 


or the reaction can occur like this: 


H 
H — / H 
H 
H 
CHO 


OHC H 


These two products represent a pair of enantiomers, and 
both are expected. 


o 
H 
er jm, EE 
| CHO 


(d) The diene is cyclic, but the dienophile has a trans 
configuration. Therefore, the endo rule is not relevant in 
this case. Two products are expected, because the 
reaction can either occur like this, 


$ 
$ 
MeO = — e veo COOH 
COOH MeO H 
MeO COOH 
HOOC H 


or the reaction can occur like this: 
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S 

S 
MeO r ——» meo " 
ae - COOH 
u MeO COOH 

MeO HOOC H 

H COOH 


Either way, one group will occupy an endo position and 
the other group will occupy an exo position, because the 
configuration of the dienophile is preserved during a 
Diels-Alder reaction. Notice that the two possible 
products are non-superimposable mirror images of each 
other, so they represent a pair of enantiomers: 


COOH 


— LA 
~ § +  Hooc 


MeO 


MeO 


+En 


COOH 
(e) The diene is cyclic, and the endo rule indicates that 
the substituent should occupy an endo position in the 


product. With this restriction in mind, the reaction can 
either occur like this, 


H 
BSS / H 
NC | 
CN 
H 


H H 


or the reaction can occur like this: 


NC H 


These two products represent a pair of enantiomers, and 
both are expected. 


H 
e —- 7 
CN 
+En 


(f) The diene is cyclic and the dienophile has a cis 
configuration, so we must consider the endo rule. 
Specifically, we draw the endo product, which has an 
internal plane of symmetry in this case, so it is a meso 
compound (it has no enantiomer). 


o 
eT M 
Pein, 
o 
Ó 


(meso) 


If you have trouble seeing how the bicyclic framework is 
produced by this reaction, consider the following 
drawing in which the bond angles have been distorted to 
show how the bicyclic structure is formed: 


(0) 


In this drawing, the dotted lines indicate the new o bonds 
that are formed during the Diels-Alder reaction. 


16.18. 

(a) Both the diene and the dienophile are unsymmetrical, 
so there are two possible regiochemical outcomes. The 
major product can be predicted by considering resonance 
structures for the diene, 


oe (OP Ox 
:OMe OMe OMe 
— Gr — | 
> D» 9 
Diene 


and resonance structures for the dienophile: 


CO 


Q9 Q9 
70: HOP 
©) 
M eB. zu A 
| | : 


Dienophile 


Notice that the diene is electron-rich, because of the 
electron-donating effect of the methoxy group; while the 
dienophile is electron-poor, because of the electron- 
withdrawing effect of the aldehyde group. The major 
product results when the regions of 6+ and ô- 
(highlighted) are aligned: 


OMe OMe 


(b) Both the diene and the dienophile are unsymmetrical, 
so there are two possible regiochemical outcomes. The 
major product can be predicted by considering resonance 
structures for the diene, 


fash 
meo x) MeO 9 


Diene 


and resonance structures for the dienophile: 


C. e0 o 
zz QN ZN 
© 
Dienophile 


Notice that the diene is electron-rich, because of the 
electron-donating effect of the methoxy group; while the 
dienophile is electron-poor, because of the electron- 
withdrawing effect of the cyano group. The major 
product results when the regions of 6+ and ô- 
(highlighted) are aligned: 


K (C CN 
(d — 
MeO ‘S$ d MeO 


ô- 


(c) Both the diene and the dienophile are unsymmetrical, 
so there are two possible regiochemical outcomes. The 
major product can be predicted by considering resonance 
structures for the diene, 
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EO) Cx EO? [9 
m 
Diene 


and resonance structures for the dienophile: 


ow Okt — CO. oEt 96. ott 
Oy" Nem Sy 
= f => 
| I | 
© 
Dienophile 


Notice that the diene is electron-rich, because of the 
electron-donating effect of the ethoxy group; while the 
dienophile is electron-poor, because of the electron- 
withdrawing effect of the ester group. The major 
product results when the regions of ô+ and ô- 
(highlighted) are aligned: 


COSEt COSEt 


(d) Both the diene and the dienophile are unsymmetrical, 
so there are two possible regiochemical outcomes. The 


major product can be predicted by considering resonance 
structures for the diene, 


B i2 
ENS SS 


Diene 


and resonance structures for the dienophile: 


H. Z0 HGS H. OP 
Q^ MAE 
NNNM iir 
O fe) fe) 
(©) 
H H H 
Dienophile 


Notice that the diene is electron-rich, because of the 
electron-donating effect of the methoxy group; while the 
dienophile is electron-poor, because of the electron- 
withdrawing effects of both aldehyde groups. The major 
product results when the regions of 6+ and ô- 
(highlighted) are aligned: 


OHC. CHO 
J- X I 
+ 
MeO *3 òt MeO 
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(e) Both the diene and the dienophile are unsymmetrical, 
so there are two possible regiochemical outcomes. The 
major product can be predicted by considering resonance 
structures for the diene, after rotating it to the s-cis 
conformation: 


La cal. ae 


> 9. 
s — | 
N S 3 


Ur 


Diene 


and resonance structures for the dienophile: 


co 


M e9 
HOM HR 
| | : 


Dienophile 


Notice that the diene is electron-rich, because of the 
electron-donating effect of the isopropoxy group; while 
the dienophile is electron-poor, because of the electron- 
withdrawing effect of the ketone group. The major 
product results when the regions of ô+ and ô- 
(highlighted) are aligned: 


16.19. We first consider the HOMO of one molecule of 
butadiene and the LUMO of another molecule of 
butadiene (see Figure 16.17 for the HOMO and LUMO 
of butadiene). The phases of these MOs do not align, so 
a thermal reaction is symmetry-forbidden. However, if 
one molecule is photochemically excited, the HOMO 
and LUMO of the excited molecule are redefined. The 
phases of the frontier orbitals will align under these 
conditions (the HOMO of the excited molecule 
interacting with the LUMO of the ground-state 
molecule), so the reaction is expected to occur 
photochemically. 


16.20. 

(a) This system has six x electrons, so an electrocyclic 
reaction is expected to occur under thermal conditions to 
give disrotatory ring closure. The resulting product has 
an internal plane of symmetry and is therefore a meso 
compound (it has no enantiomer). 


BEN heat 
Z 


(meso) 


(b) In this reaction, the four-membered ring is opening 
(this is the reverse of an electrocyclic ring closure). If 
we look at the product, we see that four n electrons are 
involved in the process. Under thermal conditions, this 
electrocyclic process is expected be conrotatory, giving 
the following product. 


heat Zt 
Su 


(c) This system has six n electrons, so an electrocyclic 
reaction is expected to occur under thermal conditions to 
give disrotatory ring closure. The resulting product is 
chiral, and both enantiomers are expected (one ethyl 
group rotates clockwise and the other rotates 
counterclockwise, or vice versa, leading to both possible 
enantiomers). 


— heat i d 
| 
ny 
* En 


16.21. 

(a) This system has six x electrons, so an electrocyclic 
reaction is expected to occur under photochemical 
conditions to give conrotatory ring closure. The 
resulting product is chiral, and both enantiomers are 
expected (either both methyl groups rotate clockwise or 
both methyl groups rotate counterclockwise). 


| —— * En 
AQ " 


(b) In this reaction, the four-membered ring is opening 
(this is the reverse of an electrocyclic ring closure). If 
we look at the product, we see that four x electrons are 
involved in the process. Under photochemical 
conditions, this electrocyclic process is expected be 
disrotatory. In theory, two products can be produced 
from disrotatory ring-opening (one methyl group rotates 
clockwise and the other rotates counterclockwise, or vice 
versa, leading to two possible products): 


CH3 
Cts) 
hv il E Z^ "CH, 
SN SUCH 
CH3 
CH3 


But the second product exhibits a severe steric 
interaction (the protons of the methyl groups are forced 
to occupy the same region of space), and this product is 
therefore not likely to be formed in substantial quantities. 
We therefore predict the following product for this 
reaction. 


c 
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(c) This system has six n electrons, so an electrocyclic 
reaction is expected to occur under thermal conditions to 
give disrotatory ring closure. The resulting product is 
chiral, and both enantiomers are expected (one methyl 
group rotates clockwise and the other rotates 
counterclockwise, or vice versa, leading to both possible 
enantiomers). 


— 
heat ees 
N 
ya “Mn 
+ En 


16.22. We begin by determining the number of x electrons that are involved in the reaction. Electrocyclic ring-opening 
and ring-closing reactions are equilibrium processes; in this case, a cyclobutene ring is in equilibrium with a diene. (In 
fact, ring opening is favored because it alleviates ring strain). From this equilibrium, we can see that 4 x electrons are 


esr 


Since the reaction was done under thermal conditions (heat), the Woodward-Hoffmann rules predict a conrotatory ring 
opening. Thus, both ends of the x system will rotate clockwise, or both will rotate counterclockwise. If they both 
rotate clockwise, the initial trans stereochemistry of the ring will lead to double bonds that both have the E 


involved in this electrocyclic reaction. 


configuration. 
H CO;H 


Br) H 


trans 


conrotatory 


e Nei 


(EE) 


If they both rotate counterclockwise, the initial trans stereochemistry of the ring will lead to double bonds that both 


have the Z configuration. 


H CO5H 
conrotator 
som. «Kosh (OY 
Br \4 Br Br COH 
trans (ZZ) 


The Woodward-Hoffmann rules allow either the E,E isomer or the Z,Z isomer. It is not possible to get the E,Z or Z E 
isomer under these conditions. Practically, only the E, E isomer is formed because the steric strain between the Br and 


CO?H groups in the Z,Z isomer prevent its formation. 
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16.23. 
(a) We begin by identifying the o bond that is broken 
and the o bond that is formed, highlighted here: 


xi heat [e 
— 


ZA uu 
Bond Bond 
broken formed 


In the transition state, the bond that is breaking and the 
bond that is forming are separated by two different 
pathways, each of which is comprised of three atoms: 


Therefore, this 
rearrangement. 


reaction is a [3,3] sigmatropic 


(b) We begin by identifying the c bond that is broken 
and the o bond that is formed, highlighted here: 


Bond 
formed 
ZH heat H 
———— 
un ZA 
Bond 
broken 


In the transition state, the bond that is breaking and the 
bond that is forming are separated by two different 
pathways: one is comprised of five atoms and the other 
is comprised of only one atom: 


Therefore, this reaction is a [1,5] sigmatropic 
rearrangement. 
16.24. 


(a) This transformation can be achieved via the 
following sigmatropic rearrangement: 


DN 
VY 
(b) We identify the o bond that is broken and the o bond 


that is formed, and then determine the pathways 
(highlighted below) that separate these bonds. 


Each pathway is comprised of three atoms, so the 
reaction is a [3,3] sigmatropic rearrangement. 


(c) In the sigmatropic rearrangement shown in part (a), 
we see that the ring strain associated with the three- 
membered ring is alleviated. The reverse process would 
involve forming a high-energy, three-membered ring. 
The equilibrium disfavors the reverse process. 


16.25. 

(a) This compound is an allylic vinylic ether, and it can 
therefore undergo a Claisen rearrangement to give the 
following product: 


EG 


(b) This compound has two x bonds that are separated 
from each other by exactly three o bonds. As such, this 
compound can undergo a Cope rearrangement to give the 
following product: 


KS heat 


qu 


(c) This compound has two x bonds that are separated 
from each other by exactly three o bonds. As such, this 
compound can undergo a Cope rearrangement to give the 
following product: 


SDO 


(d) This compound is an allylic phenyl ether. One of 
the x bonds in the phenyl group can serve an analogous 
role to the x bond in a vinylic group, so this molecule 
effectively behaves like an allylic vinylic ether. It can 
therefore undergo a Claisen rearrangement to give a 
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ketone, which tautomerizes to give the enol, thereby re- Auxochromic alkyl groups = +25 
establishing the aromatic ring: Exocyclic double bond = +5 
Homoannular diene — 0 

Total = 247nm 


has five auxochromic alkyl groups, highlighted here: 


m Ao 


C 
and one exocyclic double bond: 
OH [9] 
taut. 
— 


16.26. This compound has two m bonds that are 
separated from each other by exactly three o bonds. As 


A 
Co (b) This conjugated system (comprised of three x bonds) 


such, this compound can undergo a Cope rearrangement. The calculation for Amax is shown here: 

To draw the product of this reaction, it is helpful to 

redraw the starting material, as shown below, so that it is Base = 217 
easier to see the ring of electrons responsible for the Additional double bonds = +30 
transformation: Auxochromic alkyl groups = +25 


Exocyclic double bond = +5 
ou Homoannular diene _= 0 
BEN ` - Total = 277 nm 


(c) This conjugated system (comprised of three x 
bonds) has six auxochromic alkyl groups, highlighted 


| heat here: 


— 
MAD = 
16.27. 
(a) This conjugated system (comprised of two x bonds) 
has five auxochromic alkyl groups, highlighted here: "oo veo» 


and one exocyclic double bond: 


The calculation for Amax is shown here: 
Base = 217 
Additional double bonds — +30 


and three exocyclic double bonds (each of the double 
bonds is exocyclic to a ring), shown here: 


Auxochromic alkyl groups = +30 
The calculation for Amax is shown here: Exorychedouble ponds = ae 
Homoannular diene — 0 

Base- = 217 Total — 292 nm 


Additional double bonds = 0 
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(d) This conjugated system (comprised of three x 
bonds) has two of the double bonds in the same ring 
(homoannular): 


In addition, there are seven auxochromic alkyl groups, 
highlighted here: 


and one exocyclic double bond: 


The calculation for Amax is shown here: 


Base = 217 
Additional double bonds = +30 
Auxochromic alkyl groups = +35 
Exocyclic double bonds = +5 
Homoannular diene — +39 

Total = 326 nm 


16.28. Focusing on the chromophore, we see that the 
conjugated system (comprised of three x bonds) has four 
auxochromic alkyl groups, highlighted here: 


A D 
NS 


and three exocyclic double bonds: 


c9 


We therefore predict that this compound will have a Amax 
near 282 nm, as shown in the calculation below: 


Base = 217 
Additional double bonds (1) =+ 30 
Auxochromic alkyl groups (4) =+ 20 
Exocyclic double bond (3) =+ 15 
Homoannular dienes (0) =+ 0 

Total = 282 nm 


Incidentally, the actual value is 265 nm. This 
demonstrates that our prediction was not exact, but it is 
nevertheless reasonably close to the actual value. 


16.29. 

(a) As seen in Figure 16.37 (the color wheel), the 
complementary color of orange is blue. Therefore, a 
compound that absorbs orange light will appear to be 
blue. 

(b) As seen in Figure 16.37 (the color wheel), the 
complementary color of blue-green is red-orange. 
Therefore, a compound that absorbs blue-green light will 
appear to be red-orange. 

(c) As seen in Figure 16.37 (the color wheel), the 
complementary color of orange-yellow is blue-violet. 
Therefore, a compound that absorbs orange-yellow light 
will appear to be blue-violet. 


16.30. 

(a) The parent (“‘cyclohex”) indicates a six-membered 
ring, and the suffix (“diene”) indicates the presence of 
two C=C bonds. The locants (1 and 4) indicate the 
positions of the two double bonds. 


(b) The parent (“cyclohex”) indicates a six-membered 
ring, and the suffix (“diene”) indicates the presence of 
two C-C bonds. The locants (1 and 3) indicate the 
positions of the two double bonds. 


(c) The parent (“pent”) indicates a five-carbon chain, 
and the suffix (“diene”) indicates the presence of two 
C-C bonds. The locants (1 and 3) indicate the positions 
of the two double bonds, and the stereodescriptor (Z) 
indicates the configuration of the C=C bond between C3 
and C4. 


(d) The parent (“hept”) indicates a seven-carbon chain, 
and the suffix (“diene”) indicates the presence of two 
C-C bonds. The locants (2 and 4) indicate the positions 
of the two double bonds, and the stereodescriptors (2Z, 
4E) indicate the configurations of the double bonds. 


(e) The parent (“but”) indicates a four-carbon chain, and 
the suffix (“diene”) indicates the presence of two C=C 
bonds. The locants (1 and 3) indicate the positions of the 
two double bonds. There are two methyl substituents, at 
positions C2 and C3. 


16.31. Each of the highlighted compounds possesses a 
conjugated m system, which is shown with darker bonds. 


X 


ef (2 

O 

Ma 

- al 

d 

16.32. Potassium tert-butoxide is a strong, sterically 
hindered base, and the starting material will react with 
two equivalents of this base to undergo two successive 


elimination (E2) reactions, producing a conjugated, 
homoannular diene, as shown. 


Br 
pa t-BuOK 
———————- 
Br 


16.33. 
(a) The non-conjugated isomer (shown below) is less 
stable and higher in energy than the conjugated isomer. 


Q 


As a result, this compound will liberate more heat upon 
hydrogenation. 
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(b) The non-conjugated isomer (shown below) is less 
stable and higher in energy than the conjugated isomer. 


dat 
As a result, this compound will liberate more heat upon 
hydrogenation. 


16.34. Treatment of 1,3-cyclohexadiene with one 
equivalent of HBr produces only one product (because 
both 1,2 addition and 1,4 addition yield the same 
product). 


Br 
O HBr (1 equiv.) ei 


(racemic) 


16.35. The diene is protonated to give a resonance 
stabilized cation, which can then be attacked in one of 
two locations, leading to the 1,2-adduct and the 1,4- 
adduct. At low temperature, the kinetic product (the 1,2- 
adduct) dominates. 


(racemic) 


MAJOR 


16.36. The diene is protonated to give a resonance 
stabilized cation, which can then be attacked in one of 
two locations, leading to the 1,2-adduct and the 1,4- 
adduct. At elevated temperature, the thermodynamic 
product (the 1,4-adduct) dominates. 


B 
Kopel As 


(racemic) 
MAJOR 
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16.37. We first identify the locations where protonation 
can occur. There are four unique positions where 
protonation can occur, although a resonance-stabilized 
intermediate can only be obtained upon protonation of 
one of the ends of the conjugated m system, highlighted 


below: 


We must explore protonation at each of these positions. 
Let's begin with protonation of the bottom position, 
which leads to a resonance-stabilized intermediate. 
When we draw both resonance structures, we can see 
that two positions are electrophilic. Nucleophilic attack 
can occur at either of these locations, giving rise to two 
products: 


Br 


(racemic) (racemic) 


Notice that each of the products possesses a chiral center 
and is therefore produced as a racemic mixture (because 
the bromide ion can attack either face of the allylic 
carbocation with equal likelihood). 

Now let's consider protonation at the position on top. 
Once again, protonation leads to a resonance-stabilized 
intermediate. When we draw both resonance structures, 
we can see that two positions are electrophilic. 
Nucleophilic attack can occur at either of these locations, 
giving two possible products, as shown: 


© 
CK oe 
ZA 
p» 
eQ eQ 
‘Br: :Br: 
j 1 
Br | 
p . 
4 Br 
(racemic) (racemic) 


In summary, we expect the following possible products: 


comes 


(racemic) 
(racemic) 
Br 
(racemic) Br 
(racemic) 


16.38. An increase in temperature allowed the system to 
reach equilibrium concentrations, which are determined 
by the relative stability of each product. Under these 
conditions, the 1,4-adducts predominate (the two 
tetrasubstituted alkenes shown in the solution to Problem 
16.37, shown here again): 


Br 


(racemic) Br 


(racemic) 


Once at equilibrium, lowering the temperature will not 
cause a decrease in the concentration of the 1,4-adducts. 


16.39. 

(a) The tert-butyl groups provide significant steric 
interactions that prevent the compound from adopting an 
s-cis conformation. 

(b) This diene is not conjugated. 

(c) The methyl groups provide a significant steric 
interaction in the s-cis conformation that prevents the 
compound from adopting this conformation. 

(d) This diene cannot adopt an s-cis conformation. 


16.40. The most reactive dienophile is the one connected 
to two electron-withdrawing C=O groups. Then, the 
dienophile with only one C=O group is the next most 
reactive. And finally, the least reactive dienophile is the 
one that lacks an electron-withdrawing substituent 
altogether. 


Increasing reactivity in Diels-Alder reactions 


16.41. The z bonds in 1,2-butadiene are not conjugated, 
and Amax is therefore lower than 217 nm. In fact, it is 
below 200 nm, which is beyond the range used by most 
UV-Vis spectrometers. 


16.42. 

(a) In a Diels-Alder reaction, the configuration of the 
dienophile (in this case, trans) is preserved in the 
product. The product is chiral, so it is formed as a pair 
of enantiomers: 


* En 


COOH 


(b) In a Diels-Alder reaction, the configuration of the 
dienophile (in this case, cis) is preserved in the product. 
The product is chiral, so it is formed as a pair of 
enantiomers. Notice that both substituents occupy endo 
(rather than exo) positions: 
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| 
CN 
COOH 


(c) In a Diels-Alder reaction, the configuration of the 
dienophile (in this case, trans) is preserved in the 
product. The product is chiral, so it is formed as a pair 
of enantiomers: 


(d) The dienophile is an alkyne, and the product does not 
have any chiral centers (no wedges or dashes). 


Z UN CN 
v X 
Pad 
NC CN 


(e) The starting material is a cyclic diene, but the endo 
rule is not relevant in this case, because an alkyne is used 
as the dienophile, so there are no endo positions. The 
product is a meso compound, and therefore has no 


enantiomer. 

MeO qe 
oa 
Ig 

MeO | 

CO.Me 
S 
MeO 
j| y -cowe 
MeO CO.Me 
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16.43. 

(a) A Diels-Alder reaction involves the formation of two 
new C-C bonds, so the retrosynthesis of a Diels-Alder 
product requires the identification and disconnection of 
these two bonds. The product exhibits a cis orientation of 
the carboxylic acid groups, so the dienophile must have 
the cis configuration as well. 


COOH COOH 
LL pa l ( 
COOH COOH 
The forward process is shown here: 
COOH COOH 
Jw Oe 
COOH COOH 
(b) A Diels-Alder reaction involves the formation of two 
new C-C bonds, so the retrosynthesis of a Diels-Alder 
product requires the identification and disconnection of 
these two bonds. The bridged, bicyclic product gives us 


the clue that the Diels-Alder involved a cyclic diene 
starting material. 


CN NC CN 
/ | CN = © + Í 
CN NCI "CN 
CN 


The forward process is shown here: 


NC CN 
+ = Fane CN 
NC CN 


CN 
CN 


If you have trouble seeing how the bicyclic framework is 
produced by this reaction, consider the following 
drawing in which the bond angles have been distorted to 
show how the bicyclic structure is formed: 


NC CN 


In this drawing, the dotted lines indicate the new o bonds 
that are formed during the Diels-Alder reaction. 


(c) A Diels-Alder reaction involves the formation of two 
new C-C bonds, so the retrosynthesis of a Diels-Alder 
product requires the identification and disconnection of 
these two bonds. The bridged, bicyclic product gives us 


the clue that the Diels-Alder involved a cyclic diene 
starting material. 


CHO 
: CHO i ( 
CHO CHO 


Notice that the starting dienophile must have the cis 
configuration, because the desired product exhibits a cis 
orientation of the aldehyde (CHO) groups. 

The forward process is shown here (notice that the endo 
rule ensures formation of the desired product): 


CHO 
Sad 5 

CHO CHO 

CHO 


If you have trouble seeing how the bicyclic framework is 
produced by this reaction, consider the following 
drawing in which the bond angles have been distorted to 
show how the bicyclic structure is formed: 


OHC H 


In this drawing, the dotted lines indicate the new o bonds 
that are formed during the Diels-Alder reaction. 


(d) A Diels-Alder reaction involves the formation of 
two new C-C bonds, so the retrosynthesis of a Diels- 
Alder product requires the identification and 
disconnection of these two bonds. The product exhibits a 
cis configuration, so the dienophile must have the cis 
configuration as well (although in this case, a trans 
configuration is not possible in a six-membered ring). 


qr t- c cot 


The forward process is shown here: 


(0) (0) 
H 
“a 
+ ——- 
ENS 
H 
(0) (0) 


(e) A Diels-Alder reaction involves the formation of two 
new C-C bonds, so the retrosynthesis of a Diels-Alder 
product requires the identification and disconnection of 
these two bonds. The product exhibits a cis 
configuration, so the dienophile must have the cis 
configuration as well (although in this case, a trans 
configuration is not possible in a six-membered ring). 


od-oc 9 


The forward process is shown here: 


(0) (0) 
H 
Ck : 
H 
ie) (0) 
(f) A Diels-Alder reaction involves the formation of two 
new C-C bonds, so the retrosynthesis of a Diels-Alder 
product requires the identification and disconnection of 
these two bonds. The product exhibits a trans orientation 
of the ester groups, so the dienophile must have the trans 


configuration as well. Note that the retrosynthesis of 
either enantiomer leads to the same starting materials. 


COOH COOH 
7 => + Í 
COOH HOOC 
The forward process is shown here: 
COOH COOH 

; Í TE 
HOOC Qu. ER 

COOH 


If you have trouble seeing why a pair of enantiomers is 
produced, see the solution to Problem 16.17b, which is 
very similar to this problem (just replace the cyano 
groups with carboxylic acid groups). 


(g) A Diels-Alder reaction involves the formation of two 
new C-C bonds, so the retrosynthesis of a Diels-Alder 
product requires the identification and disconnection of 
these two bonds. The product has a cyclohexadiene ring, 
so the starting dienophile must be an alkyne: 


667 


l ok 


The forward process is shown here: 


To 


16.44. A product with the molecular formula Ci4Hi206 
can be formed via two successive Diels-Alder reactions, 
as shown here: 


CHAPTER 16 


O O 
Z oO 
+ || o —- O 
EN 
O O 


O  (CuHq09) 


16.45. The following diene and dienophile would be 
necessary to produce the desired compound via a Diels- 


Alder reaction: 
CI 
CI 
CI 
Ci * CI 
CI 
CI Cl 


CI CI 
CI CI 
7 
Cl” cl 
Cl Cl 


Chlordane 
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If you have trouble seeing how the bicyclic framework is 
produced by this reaction, consider the following 
drawing in which the bond angles have been distorted to 
show how the bicyclic structure is formed: 


Cl 
Cl Cl. Cl 
Cl —cl C CI 
/ 
—— 
CI 
CI Ci CI 
ci cl 
CI CI 


In this drawing, the dotted lines indicate the new o bonds 
that are formed during the Diels-Alder reaction. 


16.46. The two ends of the conjugated system are much 
farther apart in a seven-membered ring than they are in a 
five-membered ring. 


16.47. One of the compounds has three x bonds in 
conjugation. That compound has the most extended 
conjugated system, so that compound is expected to have 
the longest Amax. Of the remaining two compounds, one 
of them exhibits conjugation (two x bonds separated by 
exactly one o bond), so it will have the next longest Amax. 
The compound with two isolated C=C bonds will have 
the shortest Amax: 


ARA 


Increasing 


) POSITS 
*max 


POOF FOF 


16.48. Each of these compounds has three x bonds that 
comprise one extended conjugated system. However, in 
the first compound (shown below), two of the x bonds 
are in the same ring (homoannular), which adds +39 nm 
to the estimate for Amax. 


^ UBND 


We therefore expect this compound to have the longer 


Amax. 


16.49. This conjugated system (comprised of four x 
bonds) has two of the double bonds in the same ring 
(homoannular): 


"dd 


In addition, there are seven auxochromic alkyl groups, 


highlighted here: 


and one exocyclic double bond: 


NY 


The calculation for Amax is shown here: 


Base = 217 

Additional double bonds = +60 
Auxochromic alkyl groups = +35 
Exocyclic double bonds = +5 
Homoannular diene — +39 


Total = 356nm 


16.50. Notice that the carbon skeleton does not change 
during these reactions. It is the location of the deuteron, 
as well as the location of the x bonds, that changes. This 
is indeed characteristic of [1,5] —sigmatropic 
rearrangements, as seen in the following general reaction 


mechanism: 
[E 


a 
—$— 


Notice that the position of the proton changes, as well as 
the position of the x bonds. And we can certainly 
envision this process occurring with a deuteron, in place 
of the proton: 


D D 


BI LL 


Much like the previous example, the position of the 
deuteron changes, as well as the position of the x bonds. 
This is exactly the type of transformation taking place in 


the reactions shown in the problem statement. It is 
therefore reasonable to explain each of these 
transformations with a [1,5] sigmatropic rearrangement, 


as shown: 
Me Me 
ert Q 
D 


25°C 


Me D 
e3 


16.51. Notice that the carbon skeleton does not change 
during these reactions. It is the location of a deuteron, as 
well as the location of the x bonds, that changes. As 
described in the solution to the previous problem, these 


changes are characteristic of a [1,5] sigmatropic 
rearrangement: 
D 
D 3 n heat D 
peus qp SN | 


16.52. 

(a) This system has six m electrons, so an electrocyclic 
reaction is expected to occur under thermal conditions to 
give disrotatory ring closure. The resulting product is a 
meso compound (has a plane of symmetry) and therefore 
has no enantiomer: 


SUE ay 
heat 
E 
o 


(meso) 


(b) This system has six n electrons, so an electrocyclic 
reaction is expected to occur under photochemical 
conditions to give conrotatory ring closure. The 
resulting product is chiral, and both enantiomers are 
expected (the methyl groups can both rotate in a 
clockwise fashion, or they can both rotate in a 


counterclockwise fashion, giving both possible 
enantiomers). 
=. 
hv 
| = 
— “Mn 


+ En 


(c) This system has eight n electrons, so an electrocyclic 
reaction is expected to occur under thermal conditions to 
give conrotatory ring closure. The resulting product is 
chiral, and both enantiomers are expected (the methyl 
groups can both rotate in a clockwise fashion, or they 
can both rotate in a counterclockwise fashion, giving 
both possible enantiomers). 
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A N En heat 
XY Z7 C) ug, 


* En 


(d) This system has eight x electrons, so an electrocyclic 
reaction is expected to occur under photochemical 
conditions to give disrotatory ring closure. The resulting 
product is a meso compound (it has a plane of symmetry) 
and therefore has no enantiomer: 


ee) hv 
Ww Jr 


(meso) 


16.53. 

(a) This system has six x electrons, so an electrocyclic 
reaction is expected to occur under photochemical 
conditions to give conrotatory ring closure. The 
resulting product is a meso compound (has a plane of 
symmetry) and therefore has no enantiomer: 


X cxx 


(meso) 


This product is obtained whether both methyl groups 
rotate in a clockwise fashion, or whether both methyl 
groups rotate in a counterclockwise fashion: 


"v 


D "uy, 


(b) This system has six x electrons, so an electrocyclic 
reaction is expected to occur under thermal conditions to 
give disrotatory ring closure. The resulting product is 
chiral, and both enantiomers are expected (one methyl 
group rotates clockwise and the other rotates 
counterclockwise, or vice versa, leading to both possible 
enantiomers): 


P 
| ied iEn 


(c) This system has six n electrons, so an electrocyclic 
reaction is expected to occur under photochemical 
conditions to give conrotatory ring closure. The 
resulting product is chiral, and both enantiomers are 
expected (either both methyl groups can rotate 
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clockwise, or both can rotate counterclockwise, leading 
to both possible enantiomers): 


ws 


16.54. The compound on the right side of the 
equilibrium has a a bond in conjugation with the 
aromatic ring, while the compound on the left does not. 
Therefore, the compound on the right side of the 
equilibrium is expected to be more stable, and the 
equilibrium will favor this compound because it is lower 
in energy. 


16.55. In this reaction, the four-membered ring is 
opening (this is the reverse of an electrocyclic ring 
closure). If we look at the product, we see that four 
1 electrons are involved in the process. Under thermal 
conditions, this electrocyclic process is expected be 
conrotatory. In theory, two products can be produced 
from conrotatory ring-opening (the methyl groups can 
both rotate in a clockwise fashion, or they can both rotate 
in a counterclockwise fashion): 


C CH3 


CH, 


rf heat a , Z^ ~CH3 
% Ne SUCH 
CH3 


^) CH3 


Not formed. 
Methyl groups are 
too crowded 


However, the second possible product exhibits a severe 
steric interaction (the protons of the methyl groups are 
forced to occupy the same region of space), and this 
product is therefore not likely formed in substantial 
quantities. We therefore predict the following product 
for this reaction. 


CH3 
CH3 
heat Z 
| — > 
D NNS 
CH; 
CH3 


16.56. 

(a) This compound is an allylic phenyl ether. One of the 
mt bonds in the arene ring can serve an analogous role to 
the mbond in a vinylic group, so this molecule 
effectively behaves like an allylic vinylic ether. It can 


therefore undergo a Claisen rearrangement to give a 
ketone, which tautomerizes to give the enol, thereby re- 
establishing aromaticity. Note that it is helpful to redraw 
the starting material, as shown below, so that it is easier 
to see the ring of electrons responsible for the 


transformation: 
M O 
D ye G 
UZ 
BEN 


| 
uw 


er l 
taut. | 


(b) This compound is an allylic vinylic ether, and it can 
therefore undergo a Claisen rearrangement to give an 
aldehyde, as shown. Note that it is helpful to redraw the 
starting material, as shown below, so that it is easier to 


see the ring of electrons responsible for the 
transformation: 
xe VE 
ZA = ~S 
Z~o LE 
| heat 
T 
On 


(c) This compound has two x bonds that are separated 
from each other by exactly three o bonds. As such, this 
compound can undergo a Cope rearrangement. To draw 
the product of this reaction, it is helpful to redraw the 
starting material, as shown below, so that it is easier to 


see the ring of electrons responsible for the 
transformation: 

= SY, heat Z 
Soe j^: 


Ll 


The product has a trisubstituted xt bond and is therefore 
more stable than the starting material. As such, the 
equilibrium will favor formation of the product. 
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16.57. Benzoquinone has two C=C n bonds, each of which can function as a dienophile in a Diels-Alder reaction. 
Two successive Diels-Alder reactions will afford a tricyclic structure. The tricyclic products are diastereomers and are 
formed because the second Diels-Alder reaction need not occur on the same face as the first Diels-Alder reaction. 


i9) i9) O 

: -— o 

D SH 
[9] (excess) [9] [9] 


(meso) (meso) 


16.58. This transformation can occur via an intramolecular Diels-Alder reaction, in which a portion of the compound 
functions as the diene, while another portion of the compound functions as the dienophile. The result is a polycyclic 
compound (which is expected to be formed as a racemic mixture). 


* En 


16.59. First count the number of conjugated double 
bonds. This compound has three. Two of them count Án, 
toward the base value of 217 nm and the other will add 
+30. 


exocylic to two rings 


exocylic to one ring 


Finally, look for a homoannular diene. There appears to 
be no ring that has two double bonds contained wholly 
within it, so no adjustment is required for this compound. 
In summary, the following calculation predicts a Amax of 
approximately 287 nm: 


Next, look for any auxochromic alkyl groups. These are 
the carbon atoms connected directly to the chromophore. 
This compound has five auxochromic alkyl groups each 
of which adds +5, giving another +25. 


Base = 217 
Additional double bond (1) = +30 
Auxochromic alkyl groups (5) = +25 
Exocyclic double bonds (3) = +15 
Homoannular diene (0) = 0 
Total = 287 nm 


^y, 


This prediction is in fairly good agreement with the 


Next, look for exocyclic double bonds. In this case, two experimentally observed value 9t283:1m: 


double bonds (highlighted below) are exocyclic. One of 
the double bonds is exocyclic to two rings giving a total 
of three exocyclic relationships that each add +5 for a 
total of +15. 


16.60. The correct answer is (c). Recall that two 
double bonds are conjugated if they are separated from 
each other by exactly one sigma bond (no more and no 
less). The double bonds at the periphery are separated 
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by a C-C bond that has one sigma bond and one x bond. 
Therefore, these two double bonds are conjugated: 


H H 
N Z, 
= EE 
7 N 

H H 


Conjugated 


The central double bond is not conjugated to either of the 
other double bonds, because there is no sigma bond 
separating them. 


16.61. The correct answer is (d). A Diels-Alder reaction 
would be ideal to prepare the target. The product is a 
substituted cyclohexadiene (rather than a substituted 
cyclohexene), so the dienophile must be a disubstituted 
alkyne, rather than a disubstituted alkene: 


CHO O 
MeO | TT 
t 
RH — xD? 
—~ 
MeO | 
CHO MeO CHO 
16.62. The correct answer is (b). This is a Diels-Alder 


reaction. We begin by redrawing the diene in its s-cis 
conformation, and aligning it with the dienophile, as 


shown here: 
COsMe 
heat p 
—ÓPó 
COsMe 


CO.Me 


ASI 


Note that the cis relationship of the ester groups is 
maintained in the product. 


CO3Me 


16.63. The correct answer is (d). The diene and 
dienophile combine to form a new cyclohexene ring. 
There are no new chiral centers, and there is no 
regiochemistry to consider when predicting the product 
of this Diels-Alder reaction. 


NE CN CN 
f — 


ot 


16.64. The correct answer is (c). Two of the given 
compounds are conjugated dienes: 


Cr | 


more less 
stable stable 


The other two compounds exhibit isolated 1 bonds and 
are therefore less stable than the two shown. The 
conjugated diene in the box is more stable than the other 
conjugated diene, because the x bonds in this compound 
are more highly substituted (disubstituted and 
trisubstituted). In the other conjugated diene, both x 
bonds are disubstituted. 


16.65. The correct answer is (b). The thermodynamic 
product is the product that is more stable (lower energy). 
The kinetic product involves the lower-energy transition 
state, is formed faster, and is favored with cold reaction 
conditions. 


16.66. The correct answer is (c). The Diels-Alder 
reaction is described as a [4+2] cycloaddition. A diene 
(4 x electrons) in the s-cis conformation reacts with a 
dienophile (2 x electrons) to form a 6-membered ring. 
The mechanism of the Diels-Alder reaction is concerted, 
so there is no carbocation intermediate. 


16.67. The correct answer is (a). When 1,3-butadiene is 
treated with one equivalent of HBr, the products 
expected are the 1,2-adduct and the 1,4-adduct. 


P S 
HBr 
| (1 equiv.) 


HAZ T LAL 


1,2-adduct 1,4-adduct 

16.68. 

(a) a-Terpinene reacts with two equivalents of molecular 
hydrogen, so it must have two x bonds. These x bonds 
must be associated with two C=C double bonds (rather 
than being associated with a C=C triple bond), because 
the carbon skeleton (which does not change during 
hydrogenation) cannot support a triple bond: 


l Hp (2 eq.) 
a-Terpinene =a" 


1-isopropyl- 
4-methylcyclohexane 


A triple bond could not have been in the ring, because a 
six-membered ring cannot support the linear geometry 
required by the sp hybridized carbon atoms of a triple 
bond. The other C-C bonds (outside the ring) can also 
not support a triple bond (without violating the octet rule 
by giving a carbon atom with five bonds). Therefore, a- 
terpinene must have two double bonds. 


(b) The ozonolysis products indicate how the molecule 
must have been constructed, because ozonolysis breaks 
C=C bonds into C=O bonds: 


1)05 o 
— 
2) DMS 0) 


i9) H 


a-terpinene 
H2 
Pt 


(c) This conjugated system is a homoannular diene: 


nox 


In addition, there are four auxochromic alkyl groups, 


highlighted here: 


The calculation for Amax is shown here: 


Base = 217 
Additional double bonds = 0 
Auxochromic alkyl groups = +20 
Exocyclic double bonds = 0 
Homoannular diene — +39 

Total = 276 nm 


16.69. The molecular formula (C7H:0o) indicates three 
degrees of unsaturation (see Section 14.16). The 
problem statement indicates that compound A will react 
with two equivalents of molecular hydrogen (Ho). 
Therefore, we can conclude that compound A has two x 
bonds, which accounts for two of the three degrees of 
unsaturation. The remaining degree of unsaturation must 
be a ring. Ozonolysis yields two products, which 
together account for all seven carbon atoms: 


10 [9] [9] e 
CHo ———- ^ A Ni H + JL 
2) DMS H M 3 H?^H 
[9] 


Focus on the product with three carbonyl groups. Two 
of them must have been connected to each other in 
compound A (as a C-C bond), and the third carbonyl 
group must have been connected to the carbon atom of 
formaldehyde (CH20). This gives two possibilities: 


ie, ie, 
4 
1H = 
^ = 
O. H aS 
+ fe] H 
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Either C1 was connected to C6 (and C2 was connected to 
C7): 


I 
L| 


In summary, we have found two possible structures for 
compound A, both of which are conjugated dienes: 


C 7D 


16.70. The molecular formula (CeHio) indicates two 
degrees of unsaturation (see Section 14.16). The 
problem statement indicates that all proposed structures 
must be conjugated dienes, which accounts for both 
degrees of unsaturation. That is, the proposed structures 
cannot have any rings. All structures must be acyclic. 

To draw all possible conjugated dienes with the 
molecular formula CeHio, we must first consider all of 
the different ways in which six carbon atoms can be 
connected to each other. 

We begin with a linear chain (parent — hexane): 


aas 


1 3 5 


Next, we look for any skeletons where the parent is 
pentane (five carbon atoms). There are only two such 
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skeletons. Specifically, we can either connect the extra 
CH; group to positions C2 or C3 of the pentane chain: 


Toe 2 4 
1 3 5 1 3 5 


We cannot connect the CH; group to positions C1 or C5, 
as that would simply give us the linear chain (hexane), 
which we already drew (above). We also cannot connect 
the CH3 group to position C4 as that would generate the 
same structure as placing the CH3 group at the C2 
position: 


p — ros 
1 3 5 5 3 1 


Next, we look for any skeletons where the parent is 
butane (four carbon atoms). There are only two such 
skeletons. Specifically, we can either connect two CH3 
groups to adjacent positions (C2 and C3) or the same 
position: 


If we try to connect a CH3CHo group to a butane chain, 
we end up with a pentane chain (which was has already 
been drawn earlier): 


1 
2 
= 3 
2 4 Ue 5 
1 3 4 


In summary, there are five different ways in which six 
carbon atoms can be connected: 


Parent = hexane 
A246 
1 3 5 Parent = butane 


For each one of these skeletons, we must consider all of 
the different unique positions where the double bonds 
can be placed (keeping in mind that they must remain 
conjugated). For the first skeleton (hexane), there are 
many different locations where the double bonds can be 
placed. For example, the double bonds can be at C1 and 
C3 (giving two stereoisomeric options, because the 
double bond at C3 can have either the E configuration or 
the Z configuration): 


6 
2 E 5 
ZONA 
rci 3 5 25 ZA 
(8E) e. 
(32) 


or the double bonds can be placed at C2 and C4 of the 
hexane skeleton, in which case each of the double bonds 
can either have the E or Z configuration, giving three 
more possible structures: 


P, ^w hs Wy 
1 3 
(2E, 4E) (2Z, 4E) (2Z, AZ) 


Next we move on to the skeletons that have only five 
carbon atoms in a linear chain, and for each of these 
skeletons, we consider all possible locations where the 
double bonds can be placed (including stereoisomers): 


= 
(23 
Q 
= 
a 
= 


Next we move on to the skeletons that have only four 
carbon atoms in a linear chain. There are two such 
skeletons, and one of them cannot accommodate two x 
bonds (without violating the octet rule by giving more 
the four bonds to a carbon atom). The other skeleton 
with only four carbon atoms in a linear chain CAN 
accommodate conjugated C=C bonds, but there is only 


such way, shown here: 
ma 
1 4 


In summary, we have revealed twelve different 
conjugated dienes with the molecular formula CeHio, 
shown here: 


Parent = hexadiene 


BOL ut 
Ww — UN 


Parent = pentadiene 


DA A d 


arent 7 butadiene 


ri 


16.71. Treating 1,3-butadiene with HBr at elevated 
temperature gives the 1,4-adduct, which can be treated 
with sodium hydroxide to give an Sn2 process in which 
Br is replaced with a hydroxyl group. Oxidation with 
PCC (or DMP or Swern) converts the alcohol into an 
aldehyde, which can then be treated with another 
equivalent of 1,3-butadiene to give a Diels-Alder 
reaction that affords the product. 


1) HBr, 40 °C o 
2) NaOH 
3) PCC H 
P dio rem 


$ N “CH 
HBr 
40°C / \ 
Soe Z [9] 
b 
NaOH 


NND PCC 


16.72. We have seen that electron-poor dienophiles react 
faster in a Diels-Alder reaction. Nitroethylene should be 
more reactive than ethylene in a Diels-Alder reaction, 
because the nitro group is electron-withdrawing, via 
resonance: 
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$0 © o 
AINA ra * ef 


PS % 


16.73. The starting material is an allylic vinylic ether, so 
it can undergo a Claisen rearrangement. 


ATX 


Alternatively, we also note that the starting material has 
two C=C bonds that are separated from each other by 
exactly three o bonds, so it can undergo a Cope 
rearrangement: 


^x 


We will ultimately end up drawing both processes, and it 
does not matter the order in which we draw these two 
processes. Below, the Claisen rearrangement is drawn 
first, followed by the Cope rearrangement. If instead, the 
Cope rearrangement was drawn first, followed by the 
Claisen rearrangement, the same product would be 
obtained. 


i2" d 


zt 


Note that for each of the sigmatropic processes above 
(the Claisen rearrangement and the Cope rearrangement), 
the compound is redrawn in such a way that enables us 
to clearly see the motion of the electrons that cause the 
reaction. You are likely to make a mistake if you try to 
draw the curved arrows without first redrawing the 
structure: 
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Avoid this: Draw it like this: 
pe These two compounds will join in such a way that the 


KN AC DNS electron-poor center lines up with the electron-rich 
o S D 
Y Xe center: 


[9] Š- 
è Heat O / 
; : ; : EFG pss m 
16.74. First we determine the regiochemical outcome. 
e 0” O 


The diene is electron-rich, as seen in the second 


resonance structure below: * En 


Notice that the endo product is obtained, rather than the 


202 (A 09 m 
Ss. exo product, as is expected for Diels-Alder reactions. 


s Mx 16.75. This transformation can be achieved via a retro 
rM Diels-Alder reaction (shown below), which requires 


elevated temperature, as described in Section 16.7. 


H H 
heat 
LIUEdt g is 
H H 


And the dienophile is electron-poor, as seen in the third 
resonance structure below: 


O o? oF 
^y 2 
| Ò —— J Ò — Ò 
e 


The dienophile 
is electron-poor 
in this location 


16.76. A Diels-Alder reaction, followed by a retro Diels-Alder reaction, can account for formation of the aromatic 
product, as shown here: 


O 
E o 
n Diels-Alder Qv ‘i - CO» 
P A ANG 
Js fe) 
O 


(0) 


16.77. The nitrogen atom in divinyl amine is sp? hybridized. The lone pair is delocalized and joins the two 
neighboring x bonds into one conjugated system. As such, the compound absorbs light above 200 nm (UV light). In 
contrast, 1,4-pentadiene has two isolated double bonds and therefore does not absorb UV light in the region between 
200 and 400 nm. 


16.78. Notice that compound 1 contains a strained, four-membered ring. When this compound is heated to 120 °C, it 
will undergo a thermal electrocyclic reaction to form compound 2, which possesses significantly less ring strain. The 
newly generated diene can then undergo a thermal, intramolecular Diels-Alder reaction with the alkyne, re-establishing 
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the aromatic ring, and forming the hexacyclic product. 


omar 


D 5m A 


16.79. The first step involves a 6-x electrocyclic reaction that closes the first ring to form a cyclohexadiene. When this 
intermediate is redrawn, we can clearly see that the pendant alkene is in close enough proximity with the newly 
generated diene to induce an intramolecular [4+2] Diels-Alder cycloaddition, which will result in the formation of the 
tricyclic product. 


RN RN 
NAO 135°C — = [4*2] NTs 
MS = xd 
2 
ways Boe RoN RN 


16.80. The divinylcyclopropane unit is converted to a cycloheptadiene in this [3,3] sigmatropic rearrangement. 
Interestingly, this rearrangement also opens one ring (cyclopropane) and forms a new ring (cycloheptadiene). 


j eam 70°C n- OMe 
Me4SiO er ——— Me4SiO 
Q i9) | P oO 
RO RO 


16.81. Compound 1 undergoes an electrocyclic reaction involving 6z-electrons. The reaction occurs with light, rather 
than heat, so we expect ring-closure to occur in a conrotatory fashion: 


NN E 


Conrotatory trans 


We therefore expect the two methyl groups to be trans to each other in the product: 


ox PNO 
T UV light 
ON ————— * En 
/ INC SII visible light 
S S 
1 


Compound 2 has rotational symmetry, but it lacks reflectional symmetry (see Section 5.6). As such, it is chiral, and it 
will be formed as a pair of enantiomers, with the other enantiomer being formed when both methyl groups rotate in the 
other direction. 
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16.82. Oligofurans are highly conjugated materials. When treated with maleimide, only one product results — the [4+2] 
addition to the terminal furan ring. Notice that this product is still conjugated — there are two furan rings that share 
resonance stabilization. 


conjugated z-system 


If the internal furan ring were to react, the conjugation between the remaining furan rings would be lost, leaving behind 
two isolated furan rings. This molecule would be much higher in energy because of the loss of extended conjugation. 
Since the product distribution of a Diels-Alder reaction is determined by thermodynamic considerations, the higher 
energy product is not obtained. 


16.83. 
(a) The reaction is a cycloaddition process, so we expect a concerted process. The following curved arrows represent a 
concerted process that would give the product: 


Ph 
S p C pr 


~~ N Ph ~~ N 
Y ws Y e 
[9] [9] N 


NO — 
QC r 
A B 


(b) Depending on the relative orientation of the azide and alkyne during the reaction, the following compound can also 


be formed. 
c 9. 2 


o N 

SNA 

- E. 
A C 


(c) Recall from Chapter 9 that the smallest isolatable cycloalkyne is cyclooctyne, which experiences significant angle 
strain due to the incorporation of the two adjacent sp hybridized carbon atoms (that should have linear geometry) into 
an 8-membered ring. As such, compound A has significant angle strain. We can infer that this strain plays an important 
role in the click reaction, because alkyne D (which is free of this strain) is unreactive under these conditions. This 
angle strain increases the energy of the starting alkyne, thus decreasing the activation energy of the reaction (since it is 
now closer in energy to the transition state). Considering the geometry of the atoms involved in the reaction, the angle 
strain forces the alkyne to have bond angles closer to the angles required in the transition state leading to the sp? 
hybridized carbon atoms in the product. In other words, there is a higher activation energy associated with distorting an 
unstrained alkyne (180?) to an alkene (120°), compared to the analogous conversion of a strained alkyne (<180°) to an 
alkene (120°). 

Alkyne E is less reactive because the non-alkyne atoms in the ring are all sp? hybridized; this eases some of 
the angle strain due to their relative conformational flexibility. The multiple sp? hybridized atoms in the ring of alkyne 
A increase the strain on the alkyne, thus increasing the reaction rate. 


OZ 
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Alkyne F is less reactive because one of the methyl groups (on the aromatic ring) sterically hinders the 
approach of the benzyl azide. 


16.84. 

(a) The following electrocyclic reaction will produce an eight-membered ring. Since the reaction involves eight x 
electrons, under thermal conditions, we expect conrotatory ring-closure, producing the trans-configuration seen in 
compound 2. This ring-closing reaction can occur if either: (1) both ends of the forming ring rotate clockwise, or 2) 
both ends rotate counterclockwise. These two possibilities can occur with equal likelihood, resulting in a racemic 


mixture of compound 2. 


* Enantiomer 


E 


COR 


(b) The conversion of compound 2 to endiandric acid G occurs via an electrocyclic reaction involving six 7 electrons. 


Z H 
Endiandric acid G 


(+ Enantiomer) 


2E 


RO2C (+ Enantiomer) 


(c) Endiandric acid G contains two diene groups, but only one of them is in close proximity with the dienophile. An 
intramolecular Diels-Alder reaction, as shown below, gives endiandric acid C: 


| HO;C e 
HOC E SS Diels-Alder H 
KS) LE Ph 
H 
H 


Endiandric acid G 
Endiandric acid C 
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16.85. Both compounds exhibit intramolecular hydrogen bonding interactions, as shown below: 


intramolecular 
hydrogen bond 


\ o 7 \ o 


AH, 
N^ "NEAN 
aan 
N 
N H Ò : 


H 


Isoroquefortine C 


intramolecular Roquefortine C 
hydrogen bond 


However, the hydrogen bonding interaction in isoroquefortine C involves a "ring" comprised of six atoms, while the 
hydrogen bonding interaction in roquefortine C involves a “ring” comprised of seven atoms. 


\ (0) z \ (0) 


H Isoroquefortine C 
Roquefortine C 


Both are expected to prefer a coplanar arrangement of all atoms in the “ring,” because any deviations from coplanarity 
will diminish the stabilizing effect of conjugation. If confined to a coplanar arrangement, roquefortine C will have a 
more difficult time adopting the ideal bond angles for sp? hybridized centers (120?), because there are seven atoms in 
the “ring” rather than six. In contrast, isoroquefortine C (with its six atoms in the ring") will not experience as much 
strain as it attempts to adopt the ideal bond angles in a coplanar arrangement. Deviation from the ideal bond angles or 
from coplanarity will cause an increase in energy. While both compounds will deviate (to a certain extent) from the 
ideal bond angles and from coplanarity, the deviation is expected to be more significant for roquefortine C. Therefore, 
roquefortine C is higher in energy than isoroquefortine C. 

This explanation is verified by the experimentally determined bond angles for roquefortine C (largest bond 
angle is 134?) and isoroquefortine C (largest bond angle is 127?). 


16.86. 

(a) The problem statement indicates that compound 3 is formed from a thio-Claisen rearrangement of compound 2. 
This allows us to determine the structure of compound 2, as shown below (notice that the carbon-carbon x bond is 
shown in the Z configuration, as indicated in the problem statement): 


E 

ab 4 

e S 

— m 

e rp dd 
2 3 

(b) Butyl lithium is a strong base, which removes the most acidic proton from compound 1, generating a resonance- 


stabilized anion. This anion can then function as a nucleophile and attack the alkyl bromide in an Sw2 reaction, 
generating compound 2, which then undergoes a thio-Claisen rearrangement to afford compound 3: 
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Phin, Ph 
1 
Z 
S 
Ph, aa Ph 
3 2 2 


(c) The existing chiral centers have an influence on the stereochemical outcome of this reaction. Specifically, one of 
the phenyl groups provides steric hindrance that forces the reaction to occur in a stereospecific manner, so that the 
phenyl group and the cyclohexyl group remain far apart from one other: 


Sony ind S 
Z SÉ 


reaction occurs from this conformation reaction does not occur from this conformation 
(forcing the methyl group forward) (due to a steric interaction, as indicated) 


= steric 


interaction 


The reaction will proceed via the lowest energy transition state, which is most likely achieved from the first 
conformation above, rather than from the second conformation, in which there is a large steric interaction (highlighted). 


Chapter 17 
Aromatic Compounds 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 17. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e When a benzene ring is a substituent, it is called a group. 
e  Disubstituted derivatives of benzene can be differentiated by the use of the descriptors ; 
meta and , or by the use of locants. 


e Benzene is comprised of a ring of six identical C-C bonds, each of which has a bond order of 


e The stabilization energy of benzene can be measured by comparing of hydrogenation. 


e The stability of benzene can be explained with MO theory. The six x electrons all occupy 
MOs. 
e The presence of a fully conjugated ring of x electrons is not the sole requirement for aromaticity. 
The requirement for an odd number of electron pairs is called rule. 
e Frost circles accurately predict the relative energy levels of the in a conjugated ring 
system. 
e Acompound is aromatic if it contains a ring comprised of 
and if it has a number of x electrons in the ring. 


e Compounds that fail the first criterion are called 
e Compounds that satisfy the first criterion, but have 4n electrons (rather than 4n+2) are 


e Cyclic onpa containing heteroatoms, such as S, N, or O, are called 
e Any carbon atom attached directly to a benzene ring is called a position. 
e  Alkylbenzenes are oxidized at the benzylic position by or 
, provided that the benzylic position is not quaternary. 
e Ina Birch reduction, the aromatic ring is reduced to give a nonconjugated diene. The carbon 
atom connected to is not reduced, while the carbon atom connected to 
is reduced. 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 17. The answers appear in the section entitled Skil/Builder Review. 


17.4 Naming a Polysubstituted Benzene 


Provide a systematic name for the following compound: 


OH 1) Identify the parent 
Cl 2) Identify and name substituents l 


3) Assign locants to each substituent 
4) Alphabetize 


Br 
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17.2 Determining Whether a Structure is Aromatic, Nonaromatic, or Antiaromatic 


Identify each compound or ion below as aromatic, antiaromatic, or nonaromatic: 


Phe CG TC) & © 


( | 


17.3 Determining Whether a Lone Pair Participates in Aromaticity 


In the following compound, identify whether each lone pair participates in aromaticity: 


17.4 Manipulating the Side Chain of an Aromatic Compound 


For each transformation below, identify the type of reaction that could be used (Sy2, Sy1, E2, etc.) 


Ue Oo Qr 


OH > 
jp ls C 


17.5 Predicting the Product of a Birch Reduction 


Predict the major product of the following reaction: 


(0) 


Na, CH30H 
——————»- 
NH3 
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Review of Reactions 

Identify the reagents necessary to achieve each of the following transformations. 
answers are correct, look in your textbook at the end of Chapter 17. The answers appear in the section 
entitled Review of Reactions. 


OH 
— $< + H20 
—————- 


To verify that your 


Review of Mechanisms 
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Complete the following mechanism by drawing the missing curved arrows. To verify that your curved 
arrows are drawn correctly, compare them to the curved arrows in Mechanism 17.1, which can be found in 


Section 17.7 of your text. 


Mechanism 17.1 The Birch Reduction 


H H H H H H H H 
9 f0) re] 
H Hus oH f Huson, H Hog A H H Onon H H 
— e — a — — o 
H H H H H H H 6 H H H 
H H H H H H 


Mistakes to Avoid 


When analyzing an NMR spectrum ('H or PC), we 
must always consider the role of symmetry in 
affecting the number of signals in the spectrum. 
For example, consider the number of signals in the 
IH NMR spectrum of each of the following 
constitutional isomers: 


ortho-xylene meta-xylene 


para-xylene 


Each of these compounds exhibits a different 
number of signals in its 'H NMR spectrum (3 
signals, 4 signals, and 2 signals, respectively). 
Similarly, each of these compounds exhibits a 
different number of signals in its ^C NMR 
spectrum (4 signals, 5 signals, and 3 signals, 
respectively). 

When analyzing an NMR spectrum of an aromatic 
compound, always make sure that the substitution 
pattern (i.e., monosubstituted, ortho-disubstituted, 
etc.) is fully consistent with all signals in the 
spectrum (taking symmetry into account). When 
doing so, avoid being distracted by the positions of 
the double bonds. After all, the x electrons are 


delocalized, and there are resonance structures in 
which the double bonds are drawn in different 
locations. The best way to avoid being distracted 
is to draw a circle to represent the aromatic ring, 
like this: 


ortho-xylene meta-xylene 


para-xylene 


To see the value of this approach, consider the 
following structure and determine how many 
signals are expected in the 'H NMR and PC NMR 
spectra of this compound: 


H H 
HC CH3 
H H 


By redrawing the structure with circles to represent 
aromatic rings (rather than alternating single and 
double bonds), it becomes easier to see that there 
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are only two unique kinds of protons in this 
structure (highlighted below): 


This compound will have only two signals in its 'H 
NMR spectrum. 


Useful reagents 


Similarly, the compound will have only four 
signals in its ^C NMR spectrum: 


Throughout the solutions presented in this chapter, 
we will often represent aromatic rings with circles 
(particularly when symmetry is relevant to the 
discussion). 


The following is a list of reagents encountered in this chapter, as well as their specific function in the context of this 


chapter: 


Reagents 


Description 


Na2Cr207, H2SO4, H20 


Sodium dichromate and sulfuric acid give chromic acid, which is a strong oxidizing 
agent that can be used to oxidize a benzylic position, provided that the benzylic 
position is not quaternary. The alkyl group (connected to the aromatic ring) is 
converted into a carboxylic acid group. 


1) KMnOa, H20, heat 


Potassium permanganate. A strong oxidizing agent that can be used to oxidize a 
benzylic position, provided that the benzylic position is not quaternary. The alkyl 


2) H30° group (connected to the aromatic ring) is converted into a carboxylic acid group. 
NBS, heat N-Bromosuccinimide. A reagent that is used for radical bromination at the benzylic 
position. 
HO Water is a weak nucleophile that can be used in an Sul reaction with a benzylic 
halide. 
Hydroxide is a strong nucleophile that can be used in an Sn2 reaction with a primary 
NaOH ; ; 
benzylic halide. 
conc. H2S04 A strong acid that can be used to achieve acid-catalyzed dehydration to give an 
alkene. 
NaOEt Sodium ethoxide is a strong base that can be used to convert secondary or tertiary 


halides into alkenes (via an E2 process). 


3 H2, 100 atm, 150°C 


Conditions for complete hydrogenation of benzene to give cyclohexane. 


Na, CH30H, NH3 : . 
cyclohexadiene ring. 


Reagents for a Birch reduction, which reduces a benzene ring to give a 1,4- 


Solutions 


17.1. 

(a) The parent is benzaldehyde, shown in bold. An 
isopropyl group is located at C3 (also called the meta 
position), so the compound is 3-isopropylbenzaldehyde, 
(also called meta-isopropylbenzaldehyde), or 3-(1- 
methylethyl)benzaldehyde: 


(b) The parent is toluene, shown in bold. A bromo 
group is located at C2 (also called the ortho position), so 
the compound is 2-bromotoluene (also called ortho- 
bromotoluene): 
CH, 
4 Br 
2 


(c) The parent is phenol, shown in bold. Two nitro 
groups are located at C2 and C4, so the compound is 
called 2,4-dinitrophenol: 


3 
OoN 4 2 NOs 
TX 
OH 


(d) The parent is benzene, shown in bold. There are 
three substituents (two isopropyl groups and one ethyl 
group) The assignment of locants, shown below, 
achieves the lowest numbers for all three substituents: 


Therefore, the name of the compound is: 
2-ethyl-1,4-diisopropylbenzene 


(e) The parent is phenol, shown in bold. The 
substituents are each named and assigned a locant, as 
shown below. The locants start at the carbon atom 
connected to the OH group, and are then assigned 
counter-clockwise. This way, the ethyl group (“e”) is 
assigned a lower locant than the isopropyl group (“i”), 
since there are no other differentiating factors that would 
allow us to decide which way to assign the locants. 


2,6-dibromo-4-chloro-3-ethyl-5-isopropylphenol, or 
2,6-dibromo-4-chloro-3-ethyl-5-(1-methylethyl)phenol 
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17.2. When naming this compound, there are three 
choices for the parent. The compound can be named as a 
disubstituted phenol, as a disubstituted toluene, or as a 
trisubstituted benzene. For each of these possibilities, 
the assignment of locants is shown: 


Br. 4 2 ,CHs Br CH; 


1 
OH 4 2~OH 


Parent = phenol Parent = toluene 


Br. 4 2 ,CHa 


1 
OH 


Parent = benzene 
This gives the following three possible names: 


(a) 4-bromo-2-methylphenol 
(b) 5-bromo-2-hydroxytoluene 
(c) 4-bromo-1-hydroxy-2-methylbenzene 


17.3. 
(a) The parent is anisole (methoxybenzene), and there 
are three other substituents (Br, Br, and Cl), in the 


following locations: 
OMe 


Br Br 


CI 


(b) The parent is phenol (hydroxybenzene), and there is 
one nitro group, located at C3 (the meta position): 


OH 


NO; 


17.4. When naming this compound, there are three 
choices for the parent. The compound can be named as a 
disubstituted benzene, as a monosubstituted toluene, or 
as xylene. This gives the following possible names, all 
of which are acceptable IUPAC names: 


(a) meta-xylene 

(b) meta-dimethylbenzene 
(c) 1,3-dimethylbenzene 
(d) meta-methyltoluene 
(e) 3-methyltoluene 
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17.5. 
(a) Eugenol contains three substituents: an allyl group, a hydroxy group, and a methoxy group. 


methoxy allyl 
pesi ma 
HO 
hydroxy 


All benzene derivatives can be named with benzene as the parent. In this case, the parent could also be either phenol 
(hydroxybenzene) or anisole (methoxybenzene). So there are three choices for the parent. For each possibility, the 
assignment of locants is shown by numbering to give the lowest possible number to each consecutive substituent: 


3 3 
BD Md pod meee 
HO~ 1 HO” 1 Ho^2 w 4 
parent = benzene parent = phenol parent = anisole 


The last step is to arrange the substituents alphabetically so the three names for eugenol are as follows: 
As a benzene derivative: 4-allyl-1-hydroxy-2-methoxybenzene 

As a phenol derivative: A-allyl-2-methoxyphenol 

As an anisole derivative: 5-allyl-2-hydroxyanisole 


Thymol contains three substituents as well: a methyl group, a hydroxy group, and an isopropyl group. Each can be 
named based on benzene, phenol, or toluene as the parent. These possibilities are shown below, with the corresponding 
locants shown: 


HO. » 4 HO. 3 1 


parent = benzene parent = phenol parent = toluene 


Arranging the substituents we obtain the following three possible IUPAC names: 
As a benzene derivative: 2-hydroxy-1-isopropyl-4-methylbenzene 

As a phenol derivative: 2-isopropyl-5-methylphenol 

As a toluene derivative: 3-hydroxy-4-isopropyltoluene 


(b) This name violates two of the rules for naming polysubstituted aromatic compounds. First, the substituents are not 
listed alphabetically. Second, if named with benzene as the parent, the methyl group needs to have the first locant in 
order to minimize the number of the third locant. Thus, a correct name would be 2-hydroxy-4-isopropyl-1- 
methylbenzene. 


17.6. The molecular formula (CsHs) indicates five structure of the resulting dibromide (compound B) are 
degrees of unsaturation (see Section 14.16), four of shown here: 
which are accounted for by the aromatic ring, so the 

structure must also contain either a ring or a double bond 

(in addition to the aromatic ring). If compound A Br 
undergoes bromination to produce a dibromide, then it > 2 

must contain an alkenyl C=C double bond (the aromatic 

ring does not react with Br2). This C=C double bond 


accounts for the last degree of unsaturation, described Compound A Compound B 
above. The structure of compound A, as well as the (CHa) (CgHgBrz) 


Br 


17.7. 

(a) According to Figure 17.1, the conversion from 
cyclohexane to cyclohexene is uphill in energy (AH has a 
positive value). This should make sense, because this 
conversion involves the breaking of two C-H bonds, and 
the formation of a H-H bond and a C=C m bond. 
Overall, there is a net cleavage of a strong o bond and 
the formation of a weak m bond, which is 
thermodynamically disfavored. 


(b) According to Figure 17.1, the conversion from 
cyclohexene to benzene is uphill in energy (AH has a 
positive value). This should make sense, because this 
conversion involves the breaking of four C-H bonds, and 
the formation of two H-H bonds and two C=C m bonds. 
Overall, there is a net cleavage of two strong o bonds 
and the formation of two weak m bonds, which is 
thermodynamically disfavored. 


(c) According to Figure 17.1, the conversion from 
cyclohexadiene to benzene is downhill in energy (AH 
has a negative value). This transformation is analogous 
to part (a), but in this case, it is thermodynamically 
favorable because of the gain in aromaticity (making the 
products more stable than the starting materials). 


17.8. 

(a) This compound has six x bonds, for a total of twelve 
7 electrons. Twelve is not a Hückel number (instead, it 
is 4n), so the compound is not expected to be aromatic. 


(b) This compound has seven x bonds, for a total of 
fourteen x electrons. Fourteen is a Hückel number 
(4n-2). In Section 17.5, we saw that [14]annulene is 
somewhat destabilized by a steric interaction between 
the hydrogen atoms positioned inside the ring. Although 
[14]annulene is nonplanar, it does indeed exhibit 
aromatic stabilization, because the deviation from 
planarity is not too great. 


(c) This compound has eight x bonds, for a total of 
sixteen x electrons. Sixteen is not a Hückel number 
(instead, it is 47), so the compound is not expected to be 
aromatic. 


17.9. We draw a circle and inscribe a triangle inside the 
circle, with one of the points of the triangle at the bottom 
of the circle. Each location where the triangle touches 
the circle represents an energy level. The energy level 
on the bottom of the circle is a bonding MO, and the two 
energy levels on top are antibonding MOs. With one 
bonding MO, we expect that two z electrons are required 
in order to achieve aromaticity. The structure indeed has 
two x electrons, which both occupy the bonding MO. 
This Frost circle indicates that there is only one bonding 
MO and it is filled, while the antibonding MOs are 
empty. This structure is expected to exhibit aromatic 
stabilization. 
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— == Antibonding 


= Bonding 


17.10. This structure exhibits a ring of continuously 
overlapping p orbitals, and there are 22 m electrons (a 
Hückel number). In addition, the ring is of sufficient 
size to accommodate the hydrogen atoms that are 
positioned inside the ring. Therefore, the compound is 
expected to exhibit aromatic stabilization. 


17.11. 

(a) This structure exhibits a ring of continuously 
overlapping p orbitals, but there are four m electrons 
(4n), rendering the structure antiaromatic. This anion is 
expected to be very high in energy (very unstable). 


(b) This structure exhibits a ring of continuously 
overlapping p orbitals (C+ represents a carbon atom with 
an empty p orbital), and there are two m electrons (4n+2), 
rendering the structure aromatic. 


(c) This structure exhibits a ring of continuously 
overlapping p orbitals, but there are four m electrons 
(4n), rendering the structure antiaromatic. 


(d) This structure exhibits a ring of continuously 
overlapping p orbitals (the lone pair occupies a p orbital 
because it is resonance stabilized). There are ten m 
electrons (4n--2), rendering the structure aromatic. 


17.12. In order to predict whether this dianion is 
aromatic, we must determine if the following two criteria 
have been met: 

1. Does the compound contain a ring comprised of 
continuously overlapping p orbitals? 

2. Is there a Hückel number of z electrons in the ring? 


The lone pairs can occupy p orbitals, providing for 
continuous overlap of p orbitals around the ring, so the 
first criterion has been met. To determine if the second 
criterion has been met, we must count the number of x 
electrons. Each x bond counts as two electrons, and each 
lone pair counts as two electrons, for a total of 10 x 
electrons. Ten is a Hückel number (4n+2), so the 
dianion is aromatic. All ten m electrons are thus 
completely delocalized around the eight-membered ring. 


17.13. 

(a) One of the lone pairs occupies a p orbital, thereby 
rendering the compound aromatic (six x electrons). The 
other lone pair will occupy an sp?-hybridized orbital, in 
the plane of the ring, extending away from the ring. 


(b) One of the lone pairs occupies a p orbital, thereby 
rendering the compound aromatic (six 7 electrons). The 
other lone pair will occupy an sp?-hybridized orbital, in 
the plane of the ring, extending away from the ring. 
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(c) If the lone pair were to occupy a p orbital, there 
would be a continuous system of overlapping p orbitals 
with eight x electrons (4n, making it antiaromatic). To 
avoid the instability associated with antiaromaticity, the 
lone pair is expected to occupy an sp?-hybridized orbital. 


(d) One of the lone pairs on the sulfur atom occupies a p 
orbital, thereby rendering the compound aromatic (six v 
electrons). The lone pair on the nitrogen atom occupies 
an sp?-hybridized orbital that is in the plane of the ring 
(because the nitrogen atom is already using a p orbital as 
part of a x bond to establish aromaticity). 


(e) There is only one lone pair (on oxygen) and it is not 
participating in aromaticity. That oxygen atom is already 
using a p orbital as part of a x bond to establish 
aromaticity. 


(f) Each nitrogen atom has one lone pair, and neither is 
participating in aromaticity. In each case, the nitrogen 
atom is already using a p orbital as part of a x bond to 
establish aromaticity. 


(g) The compound is not aromatic. In order to achieve a 
continuous system of overlapping p orbitals, each 
oxygen atom would need to contribute a lone pair ina p 
orbital, and that would give 8 x electrons (not a Hückel 
number). 


(h) One of the lone pairs on the oxygen atom occupies a 
p orbital, thereby rendering the compound aromatic (six 
x electrons). The lone pair on the nitrogen atom 
occupies an sp?-hybridized orbital that is in the plane of 
the ring (because the nitrogen atom is already using a p 
orbital as part of a x bond to establish aromaticity). 


17.14. In addition to the aromatic rings indicated in the structures of the best-selling drugs (Section 17.1), each of the 
highlighted rings also has a continuous system of overlapping p orbitals, with six x electrons, and is therefore aromatic: 


Cow 7 LALL, 
o = OX r 
C) ‘ee yA 


Lipitor 


Prilosec F F 


17.15. 
acidic (is expected to have a lower pKa), because 
deprotonation restores aromaticity to the ring. 


The first compound is expected to be more 


Base —— 
—. 


\@H " 
NS N—H 
= H I 


not aromatic aromatic 


The second compound is already aromatic, even before 
deprotonation. 


7 NO Base at 
N—H ————— N: 
, M 


aromatic aromatic 


x 


/ 
s 
7, 
N 
Zyprexa 
CI 
N 
Y “uN 
DE 5 / S 
[9] N — 
H o— 
Prevacid Plavix 


In this case, the driving force for losing the proton is not 
as great. 


17.16. 

(a) Yes, it has the required pharmacophore (two aromatic 
rings separated by one carbon atom, and a tertiary 
amine). 


(b) Sedation occurs because meclizine is mostly 
nonpolar, so it crosses the blood-brain barrier and binds 
with receptors in the central nervous system. 


(c) To modify the sedative properties of meclizine, we 
could introduce polar functional groups (such as OH 
groups or COOH groups) that reduce the ability of the 
compound to cross the blood-brain barrier. 


17.17. 
(a) The benzylic position undergoes oxidation, giving a 
carboxylic acid: 

[9] 


OH 


(b) Each of the benzylic positions undergoes oxidation. 
Notice that oxidation of the ethyl group involves 
cleavage of a C-C bond to give a diacid with one less 
carbon atom than the starting material. 


i9] O 


HO OH 


(c) There are three benzylic positions, but one of these 
positions (the tert-butyl group) is quaternary, and as 
such, that position does not undergo oxidation. The 
other two benzylic positions undergo oxidation, giving 
the following diacid: 


i9) i9) 


HO OH 


17.18. 
(a) There are two questions to ask when approaching a 
synthesis problem. 


1) Is there a change in the carbon skeleton? 
2) Is there a change in the position or identity of the 
functional groups? 


In this case, there is no change in the carbon skeleton: 


QA — Ho 
but there is a change in the functional group. 
Specifically, an OH group must be installed in the 
benzylic position. We did not encounter a one-step 


method for achieving this transformation. However, we 
can achieve the desired transformation in two steps 
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(bromination at the benzylic position, followed by an 
Sn1 process in which water is used as a nucleophile). 


e Oe 
NBS H20 
heat 
Br 


Note that the leaving group is on a tertiary position, so 
SN2 substitution with NaOH would fail (E2 would 
predominate). Instead, a weak nucleophile is employed 
(H20) to initiate an SN1 process. 


1) NBS, heat 
2) H0 


(b) There are two questions to ask when approaching a 
synthesis problem. 


1) Is there a change in the carbon skeleton? 
2) Is there a change in the position or identity of the 
functional groups? 


In this case, there is no change in the carbon skeleton. 


o" — Qo 


but there is a change in the functional group. 
Specifically, a x bond must be installed. We did not 
encounter a one-step method for achieving this 
transformation. However, we can achieve the desired 
transformation in two steps: 

1) bromination at the benzylic position, followed by 

2) elimination (E2) upon treatment with a strong base. A 
sterically hindered base, such as tert-butoxide, is 
required to promote elimination over substitution at the 


benzylic position: 
CC C 


Br 
NBS t-BuOK 


heat 


1) NBS, heat 


ooo 


2) -BuOK 


(c) There are two questions to ask when approaching a 
synthesis problem. 


1) Is there a change in the carbon skeleton? 
2) Is there a change in the position or identity of the 
functional groups? 


In this case, there is a change in the carbon skeleton. 
The product has one more carbon atom than the starting 
material: 
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1 1 
2 
Dm m 


Also, a functional group (cyano group) must be installed 
at the benzylic position. We did not encounter a one- 
step method for achieving this transformation. However, 
we can achieve the desired transformation in two steps: 
1) bromination at the benzylic position, followed by 

2) substitution (SN2), in which a cyanide ion functions 


as the nucleophile: 
Or Cy 
NaCN 


1} NBS, heat 
2) NaCN 


(d) There are two questions to ask when approaching a 
synthesis problem. 


1) Is there a change in the carbon skeleton? 
2) Is there a change in the position or identity of the 
functional groups? 


In this case, there is no change in the carbon skeleton, 
but there is a change in the functional group. 
Specifically, a methoxy group (OMe) must be installed 
in the benzylic position. We did not encounter a one- 
step method for achieving this transformation. However, 
we can achieve the desired transformation in two steps: 


1) bromination at the benzylic position, followed by 


2) substitution (Sn1), in which methanol functions as the 
nucleophile: 


1) NBS, heat 
» 
2) MeOH o 


heat Br 


Note that the leaving group is on a tertiary position, so 
Sn2 substitution with NaOMe would fail (E2 would 
predominate). Instead, a weak nucleophile is employed 
(MeOH) to initiate an Sn1 process. 


(e) There are two questions to ask when approaching a 
synthesis problem. 


1) Is there a change in the carbon skeleton? 
2) Is there a change in the position or identity of the 
functional groups? 


In this case, there is a change in the carbon skeleton. 
The product has one less carbon atom than the starting 
material: 


This carbon atom 
must be removed 


g 
oO 
Ce 
Also, a functional group (a C=O bond) must be installed. 
Let’s begin with the change in the carbon skeleton. We 
have learned one suitable method (ozonolysis) to remove 
a carbon atom from the carbon skeleton and produce a 


ketone. Ozonolysis would indeed install the necessary 
functional group in the correct location: 


m & : 
This strategy requires that we first form the alkene 
above, which can be accomplished via bromination of 


the benzylic position, followed by elimination (E2) upon 
treatment with a strong base (such as sodium ethoxide): 
3) O3 


Ox eM 
4) DMS 
NBS, | 1) O3 
heat 2) DMS 


Br 
— > 


(f) There are two questions to ask when approaching a 
synthesis problem. 


1) O3 
————— 


2) DMS 


1) NBS, heat 
2) NaOEt 


1) Is there a change in the carbon skeleton? 
2) Is there a change in the position or identity of the 
functional groups? 


In this case, there is a change in the carbon skeleton. 
The product has two additional carbon atoms that are 
absent in the starting material: 


1 
2 
PR. 
Also, a functional group (an OH group) must be installed 
at the benzylic position. Both of these goals (the change 
in carbon skeleton and installation of the functional 


group) can be accomplished via a Grignard reaction. 
That is, the following Grignard reaction can create the 


necessary C-C bond, while leaving an OH group in the 
desired location. 


i9) OH 


1) n-PrMgBr 
2) H3O* 


However, the necessary aldehyde does not have the same 
number of carbon atoms as the starting material: 


O 
1 | 


C | 


Nevertheless, we can easily convert the starting material 
into the desired aldehyde via the following three step 
process: 


1) bromination at the benzylic position, 

2) elimination (E2) upon treatment with a strong, 
sterically hindered base (to minimize Sn2 competition), 
3) ozonolysis 


This strategy is shown here: 


OH 
1) NBS, heat 
2) -BuOK 
————- 
3) O3 
4) DMS 
5) n-PrMgBr 1) n-PrMgBr 
NBS, 6) H30* 2) H30* 
heat 
Br [6] 


CY 
x ys 
2) DMS 


There are certainly other acceptable solutions to this 
problem. The solution above represents just one 
approach. For example, the following is another 
acceptable approach: 
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OH 
1) NBS, heat Cam 
onm 2) t-BuOK 
——— 
3) RCO3H 
4) EtMgBr | 
NBS, 5) H30° 1) EtMgBr 
| heat 2) H30* 
Br 


Ca 
t-BuOK | RCO3H 


And here is yet one further way to achieve the desired 
transformation. In the following proposed synthesis, the 
regiochemical outcome of the final step is controlled by 
the preference for formation of a benzylic carbocation 
intermediate, and the regiochemical outcome of the 
penultimate step is controlled by the preference for 
formation of a conjugated x bond. 


i” 
Com 


cone. 
H2504, 


1) NBS, heat 


2) NaOEt 
— o 
3) BHa: THF 
4) H205, NaOH 
5) PCC 

NBS, 6) EtMgBr 

heat 7) H30* 

Br 8) conc. 


H5SO4 
heat 
9) HO* 


heat 


1) BH3* THF 


\2 H202, NaOH oe 
oO 
ee 
OH 
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17.19. We begin by asking the following two questions: 


1) Is there is a change in the carbon skeleton? 
2) Is there is a change in the identity and/or location of the functional group(s)? 


In this example, the carbon skeleton has not changed; however, two carbon atoms have been functionalized (the 
benzylic carbon atom and the carbon atom adjacent to it). Approaching this synthesis from a retrosynthetic 
perspective, we know that the diol can be made via dihydroxylation of a carbon-carbon double bond; given our recent 
study of the stability of aromatic systems, it is reasonable to expect that the aromatic x bonds will not undergo 
dihydroxylation: 


The carbon-carbon double bond can be made via an elimination reaction, using a suitable leaving group, from either of 


two regioisomers: 
OCH OCH; 
H m H 
X 
X 


Regioisomer A Regioisomer B 


In particular, regioisomer A allows us to make use of the reactivity of the benzylic position to install a bromide via 


benzylic bromination. 
OCHs3 OCH3 
H H 
Br 


Regioisomer A 


Now let’s draw the entire synthesis in the forward direction. Our synthesis begins with benzylic bromination, using 
NBS and light. As mentioned in the problem statement, formation of the secondary benzylic bromide is favored. 
Elimination is accomplished using a strong base, such as DBU. The desired cis-diol can then be obtained using 
OsO4/NMO to affect a stereospecific syn addition. This addition reaction can theoretically occur on either face of the 
alkene, although there is an observed preference for formation of the diastereomer shown (with the two OH groups on 
dashes, rather than on wedges), as a result of steric effects: 


OCH3 
H 1) NBS, hv 
2) DBU 
3) cat. OsO,, 
NMO 
| NBS, hv 
OCH3 
H 
DBU 
Br —— 


17.20. 

(a) The ring bears one substituent (an alkyl group), 
which is electron donating. The carbon atom next to the 
alkyl group will not be reduced. In a Birch reduction, 
only two positions are reduced, and they must be 1,4 to 
each other. This gives the following product (note: the 
two structures below represent the same compound): 


"-— 


(b) The ring bears two substituents (alkyl groups), which 
are both electron donating. The carbon atoms next to the 
alkyl groups will not be reduced. In a Birch reduction, 
only two positions are reduced, and they must be 1,4 to 
each other. This gives the following product (note: the 
two structures below represent the same compound): 


pep 


(c) The ring bears two substituents (alkyl groups), which 
are both electron donating. The carbon atoms next to the 
alkyl groups will not be reduced. In a Birch reduction, 
only two positions are reduced, and they must be 1,4 to 
each other. This gives the following product: 
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(d) The ring bears two substituents (alkyl groups), which 
are both electron donating. The carbon atoms next to the 
alkyl groups will not be reduced. In a Birch reduction, 
only two positions are reduced, and they must be 1,4 to 
each other. This gives the following product: 


(e) The ring bears one substituent (a carboxylic acid 
group), which is electron withdrawing. The carbon atom 
next to the carboxylic acid group will be reduced. In a 
Birch reduction, only two positions are reduced, and they 
must be 1,4 to each other. This gives the following 
product: 


OH 


(f) The ring bears two substituents. The alkyl group is 
electron donating, so the carbon atom next to the alkyl 
group is not reduced. The carboxylic acid group is 
electron withdrawing, so the carbon atom next to the 
carboxylic acid group is reduced. In a Birch reduction, 
only two positions are reduced, and they must be 1,4 to 
each other. This gives the following product: 


(0) 


HO 
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17.21. 


(a) Compound 1 contains a lone pair (on the methoxy oxygen) next to a a-bond, so we draw two curved arrows 
associated with that characteristic pattern (see Chapter 2). The resulting resonance structure also exhibits a lone pair 
next to a m-bond, so once again, we draw the resulting resonance structure. This pattern is continued, until the final 
resonance structure differs from the first resonance structure only in the position of the double bonds (that is, in fact, 
one of the other characteristic patters seen in Chapter 2 — conjugated n-bonds enclosed in a ring). 


‘8s CH3 


Q eB Be 


‘Ss CH3 ‘8s CH3 


(b) There are three possible products that could result from a Birch reduction of 1. Let’s call them A, B, and C. 


Q.'0.0 


OCH; 
A 


OCH; 
B C 


OCH; 


We know that alkyl groups are electron donating and they direct the reduction away from the point of attachment of the 


alkyl group. Thus, option B is unlikely because the carbon atom attached to the methyl group is reduced. 


If the 


methoxy substituent was predominantly electron-donating, A would be the major product; and if the methoxy 


substituent was predominantly electron-withdrawing, then C would be the major product. 


Since A is the major 


product, we deduce that the methoxy group must be electron-donating, and resonance must be the major factor. Indeed, 


this fact will be further discussed in the next chapter. 


17.22. 

(a) The molecular formula (CsHsO) indicates five 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring, in addition to 
either one double bond or one ring. The aromatic ring is 
confirmed by the presence of a signal just above 3000 
cm’! in the IR spectrum, as well a signal at 1646 cmr!. In 
the !H NMR spectrum, the multiplet at 7.5 ppm also 
confirms the aromatic ring. Notice that this multiplet has 
an integration of 5, which indicates that the aromatic ring 
is monosubstituted: 


The singlet with an integration of 3 indicates a methyl 
group, and its chemical shift suggests it might be near a 
C=O bond: 

(0) 


A 


Indeed, a C=O bond will account for the signal at 1686 
cnr! in the IR spectrum as well as the fifth degree of 
unsaturation described earlier. The signal at 1686 cm"! is 


consistent with a conjugated carbonyl group, as seen in 


the following structure: 
(0) 


(b) As seen in Section 17.2, the common name for this 
compound is acetophenone. 


(c) The reagents indicate a Birch reduction. The ring 
bears one substituent (a carbonyl group), which is 
electron withdrawing via resonance. The carbon atom 
next to the carbonyl group will be reduced. In a Birch 
reduction, only two positions are reduced, and they must 
be 1,4 to each other. This gives the following product: 


(0) 


17.23. 

(a) The molecular formula (CsH10) indicates four degrees 
of unsaturation (see Section 14.16), which is highly 
suggestive of an aromatic ring. The presence of an 
aromatic ring is confirmed by the signals just above 3000 
cnr! in the IR spectrum, as well as the signal near 1600 


cmr!. In the 'H NMR spectrum, the multiplet at 7.1 ppm 
further confirms the presence of an aromatic ring. The 
integration of this signal is 4, indicating that the aromatic 
ring is disubstituted. The aromatic ring accounts for six 
of the eight carbon atoms in the compound (CsHio), so 
there must be two methyl groups attached to the ring 
(dimethyl benzene). To determine the substitution 
pattern (ortho, meta or para), we note that the 3C NMR 
spectrum exhibits three signals in the region of 100-150 
ppm, which indicates the ortho substitution pattern: 


(b) As seen in Section 17.2, the common name for ortho- 
dimethylbenzene is ortho-xylene. 


(c) When treated with chromic acid (a strong oxidizing 
agent), both benzylic positions are oxidized, giving the 
following diacid: 


COOH 
COOH 


17.24. 

(a) The parent is benzoic acid. An ethyl group is 
located at C4 (also called the para position), so the 
compound is 4-ethylbenzoic acid (also called para- 
ethylbenzoic acid): 


(b) The parent is phenol. A bromine atom is located at 
C2 (also called the ortho position), so the compound is 
2-bromophenol (also called ortho-bromophenol): 


OH 


1 Br 
f 


(c) The parent is phenol. A chlorine atom is located at 
C2 and a nitro group is located at C4, so the compound is 
2-chloro-4-nitrophenol: 


ON 4 A 2 Gl 
Tk 
OH 


(d) The parent is benzaldehyde. A bromine atom is 
located at C2 and a nitro group is located at C5 (as 
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shown), so the 2-bromo-5- 


nitrobenzaldehyde: 


compound is 


ON 5 


(e) The parent is benzene. There are two substituents, 
both isopropyl groups, located at Cl and C4, so the 
compound is 1,4-diisopropylbenzene (also called para- 
diisopropylbenzene): 


2 3 
) 4 $ é 
17.25. 


(a) The parent is benzene, and there are two chlorine 
atoms that are ortho to each other (C1 and C2). 


Cl 
X Cl 
2 


(b) As seen in Section 17.2, anisole is the common name 


for methoxybenzene: 
OCH; 


(c) The parent is toluene (methylbenzene), and there is a 
nitro group in the meta position (C3). 


; "NO» 


(d) As seen in Section 17.2, aniline is the common name 


for aminobenzene: 


(e) The parent is phenol (hydroxybenzene), and there are 
three bromine atoms, connected to positions C2, C4, and 


C6. 
OH 
O Br 
Br 
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(f) As seen in Section 17.2, para-xylene is the common 
name for para-dimethylbenzene: 


17.26. The molecular formula (CoHi2) indicates four 
degrees of unsaturation (see Section 14.16), and the 
benzene ring accounts for all four degrees of 
unsaturation. The ring contains six carbon atoms, so the 
remaining three carbon atoms must be attached to the 
aromatic ring without any additional x bonds or rings. 
There are several ways to attach three carbon atoms to an 
aromatic ring without introducing any additional x bonds 
or rings. The carbon atoms can be attached as three 
individual methyl groups, for which there are three 
unique constitutional isomers: 


1 1 1 
2 2 
3 5 3 
4 


or there can be one ethyl group and one methyl group, 
for which there are also three constitutional isomers: 


à à 


Finally, all three carbon atoms can be connected to the 
ring as a single substituent, and there are two ways to 
accomplish that, as shown here: 


dll a 


17.27. The molecular formula (CsHio) indicates four 
degrees of unsaturation (see Section 14.16), and the 
aromatic ring accounts for all four degrees of 
unsaturation. The ring contains six carbon atoms, so the 
remaining two carbon atoms must be attached to the 
aromatic ring without any additional x bonds or rings. 
There are several ways to attach two carbon atoms to an 
aromatic ring without introducing any additional x bonds 
or rings. The carbon atoms can be attached as two 
individual methyl groups, for which there are three 
unique constitutional isomers: 


or there can simply be one ethyl group: 


In total, we have seen four constitutional isomers. 


17.28. The molecular formula (CsH9CI) is similar to 
the molecular formula in the previous problem (CsHi0), 
but one of the hydrogen atoms has been replaced with a 
chlorine atom. So, we begin our analysis by redrawing 
all four skeletons shown in the solution to the previous 
problem. In each case, we will draw a circle for the 
aromatic ring, rather than drawing x bonds, as it will be 
easier to identify symmetry without being distracted by 


the arbitrary locations of the double bonds: 
ethylbenzene 


ortho- 
xylene 


meta- 


lene 
X para- 


xylene 


For each one of these skeletons, we must consider all of 
the unique locations where a chlorine atom can be 
placed. Let’s begin with the first skeleton (ortho-xylene), 
for which there are three unique locations where the 
chlorine atom can be placed: 


OO 9 


Placing the chlorine atom in any other location on this 
skeleton will result in one of the compounds above. For 
example: 


"WoW 


Next, we consider the second skeleton (meta-xylene), for 
which there are four unique locations where the chlorine 
atom can be placed: 


“Oo 
hd 


Next, we consider the third skeleton (para-xylene), for 
which there are only two unique locations where the 


chlorine atom can be placed: 
Cl 
CI .. 
consider the last 


And finally, we skeleton 
(ethylbenzene), for which there are five unique locations 
where the chlorine atom can be placed: 


oO o^ 
- 


Cl 


In total, we have seen fourteen constitutional isomers. 


17.29. We begin by placing the first two nitro groups at 
positions C2 and C3: 


ON. 2 A 


ONT? 


There are now three choices of where to place the third 
nitro group (C4, C5, or C6), giving rise to the following 
three constitutional isomers: 
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ON ON 
5 
ON 4 ON NO2 
NO2 
ON 6 , NO2 


ON 


We have now exhausted all possibilities in which the 
first two nitro groups occupy positions C2 and C3. Next, 
we place the first two nitro groups at C2 and C4: 


ON. 2 


4 
NO; 


There are now two choices of where to place the third 
nitro group (C5 or C6), giving rise to the following two 
constitutional isomers, although the second isomer is the 
one described in the problem statement (so we will not 
count that one): 


We do not count this isomer, 
as per the instructions 
in the problem statement 


We have now exhausted all possibilities in which the 
first two nitro groups occupy positions C2 and C4. Next, 
we place the first two nitro groups at C2 and C5: 


ON. 2 


5 
NO; 


This leaves only one option for the third nitro group 
(C6), and this isomer has already been drawn earlier: 


ON 2 6 NO; ON 2 6 NO; 


5 "NO ON. 3 


We have now considered all options for which the first 
nitro group is placed at C2. Now we continue our 
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analysis by placing the first nitro group at C3. If we 
place the remaining two nitro groups at C4 and C5, then 
we obtain the following isomer: 


ON 3 Na NOs 
NO; 


Any other arrangement of nitro groups will be identical 
to one of the arrangements already drawn. For example: 


6, NO2 ON. 2 
5 "NO; ON. 3 


In summary, the following five isomers are consistent 


with the requirements described in the problem 
statement: 
O-N ON 
2N 2N NO; 
NO2 2,3,5- 
2,3,4- trinitrotoluene 
trinitrotoluene 
O2N NO» 
ON 
2,3,6- 
trinitrotoluene 
245 TA 


trinitrotoluene trinitrotoluene 
17.30. 

(a) Each x bond counts as two n electrons, and the lone 
pair also counts as two m electrons, giving a total of ten v 
electrons. 


(b) Each x bond counts as two m electrons. In addition, 
one of the lone pairs on the sulfur atom is participating in 
resonance (it occupies a p orbital and is delocalized) and 
therefore contributes two more x electrons. This gives a 
total of six x electrons. 


(c) Each x bond counts as two n electrons, giving a total 
of ten x electrons. 


(d) Each x bond counts as two m electrons, giving a total 
of four v electrons. The lone pair on the nitrogen atom 
does not occupy a p orbital, because the nitrogen atom is 
already using a p orbital to form a x bond. The lone pair 
occupies an sp?-hybridized orbital and does not 
contribute any m electrons. 


(e) Each x bond counts as two n electrons, giving a total 
of six m electrons. The carbocation represents an empty 
p orbital and does not contribute any n electrons. 


17.31. The terms used in reference to cyclohexane were 
discussed in Chapter 4, while the terms used in reference 
to benzene were discussed in Chapter 17. 

(a) The term meta refers to a 1,3-disubstituted benzene 
ring. 

(b) A Frost circle is used to draw an energy diagram 
showing the relative energy levels of the MOs associated 
with a ring comprised of a continuous conjugated m 
system, such as benzene. 

(c) All six carbon atoms in benzene are sp? hybridized, 
with trigonal planar geometry. 

(d) A chair conformation is one of the conformations 
that a cyclohexane ring can adopt. Benzene is flat and 
does not adopt the conformations that are accessible to 
cyclohexane. 

(e) The term ortho refers to a 1,2-disubstituted benzene 
ring. 

(f) All six carbon atoms in cyclohexane are sp 
hybridized, with tetrahedral geometry. 

(g) Benzene is resonance stabilized (while cyclohexane 
possesses no 7 electrons, and therefore has no resonance 
structures). 

(h) Benzene has n electrons, while cyclohexane does not. 
(i) The term para refers to a 1,4-disubstituted benzene 
ring. 

(D Cyclohexane undergoes a conformational change 
called ring flipping. In contrast, benzene is planar and 
does not undergo ring flipping. 

(k) A boat conformation is one of the conformations that 
a cyclohexane ring can adopt. Benzene is flat and does 
not adopt the conformations that are accessible to 
cyclohexane. 


3 


17.32. 

(a) Each of the rings is comprised of a continuous system 
of overlapping p orbitals with a total of six x electrons 
(4n+2). As such, each ring is aromatic. The compound 
would be aromatic if either ring alone were aromatic. 
This compound is most certainly aromatic. Notice that, 
in determining aromaticity, each ring is considered 
individually. 


(b) As described in Section 17.5, the hydrogen atoms 
positioned inside the ring experience a steric interaction 
that forces this compound, called [10]annulene, out of 
planarity. Since the molecule cannot adopt a planar 
conformation, the p orbitals cannot continuously overlap 
with each other to form one system, and as a result, 


[10]annulene does not meet the criteria for aromaticity. 
It is not aromatic. 


(c) In order for this five-membered ring to exhibit a 
continuous system of overlapping p orbitals, each 
oxygen atom would have to be sp? hybridized (thereby 
placing a lone pair in a p orbital). If this were in fact to 
be the case, the ring would have eight x electrons (two n 
electrons for the x bond and two m electrons for each 
lone pair that occupies a p orbital). This would make the 
ring antiaromatic (with 4n x electrons). Therefore, not 
all of the oxygen atoms will adopt sp? hybridization. At 
least one of them will adopt sp? hybridization to avoid 
antiaromaticity. As such, the compound does not have a 
continuous system of p orbitals and is therefore not 
aromatic. 


(d) One of the lone pairs on the oxygen atom occupies a 
p orbital, thereby rendering the compound aromatic (six 
m electrons). The lone pair on the nitrogen atom 
occupies an sp?-hybridized orbital that is in the plane of 
the ring (because the nitrogen atom is already using a p 
orbital in a x bond to establish aromaticity). 


(e) One of the carbon atoms in the ring is sp? hybridized 


(highlighted): 
» 


Therefore, the structure does not possess a continuous 
system of overlapping p orbitals, and it is not aromatic. 


17.33. 
(a) The six-membered ring is aromatic because it is 
comprised of a continuous system of overlapping p 


orbitals with six x electrons: 
[9] 


HO $ N OH 
ieee 
N 


In addition, the adjacent five-membered ring is also 
aromatic: 
O 


HO S N OH 
OTE 
N S 


In this five-membered ring, one of the lone pairs on the 
sulfur atom occupies a p orbital, thereby rendering the 
ring aromatic (six x electrons). The lone pair on the 
nitrogen atom occupies an sp?-hybridized orbital that is 
in the plane of the ring (because the nitrogen atom is 
already using a p orbital in a x bond to establish 
aromaticity). 

The other five-membered ring (not highlighted above) is 
not aromatic because the ring contains sp?-hybridized 
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atoms and is therefore not a continuous system of 
overlapping p orbitals: 


3 
S 
IN o 
HO S N 
OH 
/ 
T 
N S 


(b) Many of the lone pairs are delocalized by resonance 
(one lone pair on each of the sulfur atoms, as well as one 
lone pair on each of the OH groups). However, only one 
of these lone pairs (on the atom highlighted below) is 
participating in establishing aromaticity, as explained in 
the solution to part (a): 


uu .3 


sp 


[9) 
HO S N 
OH 
XL 
N S 
17.34. 


(a) If the oxygen atom adopts sp? hybridization so that 
the lone can occupy a p orbital (to give a continuous 
system of overlapping p orbitals), then there would be a 
total of eight x electrons (six x electrons from the double 
bonds and two m electrons from the lone pair that 
occupies a p orbital). This compound would therefore be 
antiaromatic (with 4n x electrons) and extremely high in 
energy. To avoid the huge energy cost associated with 
antiaromaticity, the oxygen atom likely adopts sp? 
hybridization, so that the lone pair occupies an sp?- 
hybridized orbital. This hybridization state destroys the 
continuous system of overlapping p orbitals, rendering 
the compound nonaromatic. As such, the lone pairs on 
the oxygen atom are expected to be localized (to avoid 
antiaromaticity). 


(b) If the nitrogen atom adopts sp? hybridization so that 
the lone can occupy a p orbital (to give a continuous 
system of overlapping p orbitals), then there would be a 
total of eight x electrons (six x electrons from the double 
bonds and two m electrons from the lone pair that 
occupies a p orbital). This compound would therefore be 
antiaromatic (with 4n x electrons) and extremely high in 
energy. To avoid the huge energy cost associated with 
antiaromaticity, the nitrogen atom likely adopts sp? 
hybridization, so that the lone pair occupies an sp?- 
hybridized orbital. This hybridization state destroys the 
continuous system of overlapping p orbitals, rendering 
the compound nonaromatic. As such, the lone pair on 
the nitrogen atom is expected to be localized (to avoid 
antiaromaticity). 


(c) This compound is aromatic. One of the lone pairs of 
the sulfur atom occupies a p orbital, thereby establishing 
a continuous system of overlapping p orbitals, containing 
six x electrons. The lone pair on the nitrogen atom 
occupies an sp?-hybridized orbital that is in the plane of 
the ring (because the nitrogen atom is already using a p 
orbital in a x bond to establish aromaticity). 
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(d) This compound is aromatic, much like benzene. 
Each nitrogen possesses a lone pair that occupies an sp?- 
hybridized orbital (they do not participate in establishing 
aromaticity). 


(e) The ring is aromatic because it is comprised of a 
continuous system of overlapping p orbitals with six m 
electrons, just like benzene. 


(f) The nitrogen atom is sp? hybridized and does not have 
a p orbital, so there is not a continuous system of 
overlapping p orbitals. Therefore, this structure is 
nonaromatic. 


(g) The lone pair of the oxygen atom occupies a p 
orbital, thereby establishing a continuous system of 
overlapping p orbitals, containing six z electrons. 
Therefore, this structure is aromatic. 


(h) Each of the nitrogen atoms possesses a lone pair. If 
each of these nitrogen atoms adopts sp? hybridization so 
that each lone pair can occupy a p orbital, then there 
would be a continuous system of overlapping p orbitals, 
with a total of six x electrons (two n electrons from the 
double bond, and then two more r electrons from each 
lone pair that occupies a p orbital). Therefore, this 
compound is expected to exhibit aromatic stabilization. 


17.35. 

(a) The following compound is expected to undergo an 
Snl reaction most readily, because loss of the leaving 
group generates an aromatic cation, as shown: 


zu a = ci? Z NO 
OZ OL 
aromatic 


This cation is aromatic because the oxygen atom can 
adopt sp? hybridization, thereby placing a lone pair in a p 
orbital. The positive charge represents an empty p 
orbital, so there is a continuous system of overlapping p 
orbitals. Each x bond contributes two x electrons, and 
the oxygen atom contributes two more m electrons, for a 
total of six x electrons. 


(b) The following compound is expected to undergo an 
Snl reaction least readily, because loss of the leaving 
group generates an antiaromatic cation (with 4n m 
electrons occupying a continuous system of overlapping 


p orbitals): 
— CI 
Ut © 
antiaromatic 


The remaining compound is expected to have an 
intermediate rate of an Sn1 reaction, because it involves 
a resonance-stabilized carbocation that is neither 
aromatic nor antiaromatic. 


o 


K4 =CI 


nonaromatic 


17.36. The following compound is the most acidic 
among the group: 


because deprotonation of this compound generates an 
aromatic ion (a continuous system of overlapping p 
orbitals containing six 7 electrons). 


Ba 


17.37. The second compound is a stronger base, because 
the lone pair on the nitrogen atom is localized and 
available to function as a base. In contrast, the nitrogen 
atom in the first compound is delocalized and is 
participating in aromaticity. This lone pair is unavailable 
to function as a base, because protonation of that 
nitrogen atom would destroy aromaticity. 


17.38. In order to draw a Frost circle, we begin by 
drawing a circle, and then we place a pentagon inside the 
circle, with all five corners touching the circle, such that 
one of the corners points to the bottom of the circle, as 
shown here: 


Each position where a corner touches the circle 
represents the relative energy level of a molecular 
orbital. If we draw a horizontal line through the center 
of the circle, we see that there are three MOs in the 
bottom half of the circle, and two MOs in the top half. 
The former represent the bonding MOs, while the latter 
represent the antibonding MOs. With three bonding 
MOs, we expect that six 7 electrons are required in order 
to achieve aromaticity. This cation only has four mx 
electrons. Two of them occupy the lowest energy MO 
(at the bottom of the circle), but the remaining are split 
between the two degenerate bonding MOs. As such, this 
system is not a closed-shell electron configuration, 
giving rise to instability. 


Energy { | 


17.39. Cyclopentadiene is more acidic because its 
conjugate base is highly stabilized. Deprotonation of 
cyclopentadiene generates an anion that is aromatic, 
because it is a continuous system of overlapping p 


orbitals containing six x electrons (4n*2). In contrast, 
deprotonation of cycloheptatriene gives an anion with 
eight x electrons (4n), expected to be highly unstable 
(antiaromatic). 


à OQ 


more stable 


17.40. Yes, this compound is expected to be aromatic. 
The lone pairs on the nitrogen atoms do not contribute to 
aromaticity. They occupy sp?-hybridized orbitals. One 
of the lone pairs on the oxygen atom (in the ring) 
occupies a p orbital, giving a continuous system of 
overlapping p orbitals containing six m electrons (two 7 
electrons from each double bond, as well as two more x 
electrons from the lone pair that occupies a p orbital). 


17.44. Benzene does not have three C-C single bond 
and three C=C double bonds. In fact, the pi bonds are 
delocalized by aromatic resonance, so all six C-C bonds 
of the ring have the same bond order and are the same 
length. However, cyclooctatetraene has four isolated x 
bonds. The molecule adopts a tub shape to avoid 
antiaromaticity. Some of the C-C bonds are double 
bonds (shorter in length), and some of the C-C bonds are 
single bonds (longer in length). Therefore, the two 
methyl groups can either be separated by a C-C single 
bond or a C-C double bond. And those two 
possibilities represent different compounds. 


17.42. 

(a) The starting material has a benzylic position that is 
not quaternary, so treatment with NBS is expected to 
result in bromination at the benzylic position to give the 
following product. 


NBS 
— 
heat or light 
Br 


(b) The starting material has a benzylic position that is 
not quaternary, so treatment with chromic acid is 
expected to result in oxidation of the benzylic position. 
Note that only the benzylic carbon atom remains, while 
the other carbon atoms of the alkyl substituent are 
removed (characteristic of oxidation reactions at benzylic 


positions). 
au O 
OH 


(c) The starting material is an alcohol in which the OH 
group occupies a benzylic position. Upon treatment with 


Na;Cr207 
H5SO, , H2O 
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sulfuric acid, we expect a dehydration reaction via an E1 
process to form a conjugated x bond, as shown: 


HO 
H2504 
———- 
heat 
(d) The starting material is a secondary, benzylic 
bromide. Upon treatment with a non-nucleophilic base, 


such as DBU, we expect an E2 process to form a 
conjugated x bond, as shown: 


Br 
ort = ean 
o 


17.43. 

(a) A monosubstituted aromatic ring is expected to 
produce four signals in the region between 110 and 170 
ppm in the PC NMR spectrum. In addition, the 
isopropyl group is expected to produce two signals 
(because the methyl groups are equivalent) in the region 
between 10 and 60 ppm. In total, we expect six signals 
in the ^C NMR spectrum. 


(b) A para-disubstituted aromatic ring (where the two 
substituents are different from each other) is expected to 
produce four signals in the region between 110 and 170 
ppm in the ^C NMR spectrum. In addition, the methyl 
group is expected to produce one more signal in the 
region between 10 and 60 ppm. In total, we expect five 
signals in the PC NMR spectrum. 


(c) The aromatic ring is 1,3,5-trisubstituted, and all three 
substituents are identical (methyl groups). Because of 
symmetry, there are only two unique kinds of aromatic 
carbon atoms, giving rise to two signals in the region 
between 110 and 170 ppm in the PC NMR spectrum. In 
addition, the three methyl groups are all equivalent and 
will collectively give rise to one signal in the region 
between 10 and 60 ppm. In total, we expect three signals 
in the ^C NMR spectrum. 


(d) The aromatic ring is 1,2,4-trisubstituted, and it lacks 
the symmetry necessary to render any of the carbon 
atoms identical. All six carbon atoms of the ring occupy 
unique environments, and similarly, all three methyl 
groups also occupy unique environments. We therefore 
expect six signals in the region between 110 and 170 
ppm, and we expect three more signals in the region 
between 10 and 60 ppm, for a total of nine signals in the 
C NMR spectrum. 
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17.44. 


The reagents indicate a Birch reduction, which is believed to occur via a four-step mechanism (as seen in 


Mechanism 17.1). In the first step, an electron is transferred to the aromatic ring, generating a radical anion, which is 
then protonated (with methanol functioning as the proton source). Another electron transfer process, followed by a 
proton transfer, results in the formation of 1,2,4,5-tetramethyl-1,4-cyclohexadiene, as shown. Notice that the four 
positions bearing the electron-donating alkyl groups are not reduced. The two positions without electron-donating 


substituents are reduced. 


17.45. The reagents indicate a Birch reduction, and 
meta-xylene is expected to undergo a Birch reduction to 
produce a compound that will exhibit five signals in its 
IBC NMR spectrum. The five unique carbon atoms are 
highlighted in the product: 


oe Na, ets ae 


The answer cannot be ortho-xylene, because a Birch 
reduction of ortho-xylene would produce a compound 
that exhibits only four signals in its ^C NMR spectrum: 


5 Na, DINE. e 


And the answer cannot be para-xylene, because a Birch 
reduction of para-xylene produces a compound that also 
exhibits only four signals in its ^C NMR spectrum: 


/ \ Na, ae í \ 


17.46. 

(a) The first compound would lack Csp™H stretching 
signals just above 3000 cm?, while the second 
compound will have Csp?-H stretching signals just 
above 3000 cm'!. 

(b) The 'H NMR spectrum of the first compound will 
have only one signal, while the 'H NMR spectrum of the 
second compound will have two signals. 


Me Me 


(c) The PC NMR spectrum of the first compound will 
have only two signals, while the ^C NMR spectrum of 
the second compound will have three signals. 


17.47. When either compound is deprotonated, an 
aromatic anion is generated, which can be drawn with 
five resonance structures. The resulting anion is the 
same in either case: 


-QW 
| 


bd 


17.48. The correct answer is (a). In structure (a), the 
nitrogen atom has four sigma bonds, so it must be sp? 
hybridized. It does not have a p orbital, so the ring is 
NOT a continuous system of overlapping p orbitals. 
Therefore, structure (a) is nonaromatic. Structures (b), 
(c), and (d) are all aromatic. 


17.49. The correct answer is (d). Structure (a) is a 
tertiary benzylic bromide, and it is therefore expected to 
undergo an Snl reaction in ethanol, because the 
intermediate carbocation is highly stabilized: 


oo gt 


Tertiary benzylic 
carbocation intermediate 


Similarly, structure (b) is also expected to undergo an 
Snl reaction, because the intermediate carbocation is 
aromatic and therefore highly stabilized: 


Ov SE e 
r 
Ly 


Aromatic 
carbocation intermediate 


Structure (c) is also expected to undergo an Sn1 reaction, 
because the intermediate carbocation is tertiary and 
allylic (twice), so it is highly stabilized as well: 


B -Br® 
CY Ow 


Tertiary allylic 
carbocation intermediate 


Only structure (d) gives an unstable carbocation upon 
loss of a leaving group: 


Ow = D- 


Antiaromatic 


This cation is unstable because it is antiaromatic (with 4n 
m electrons occupying a continuous system of 
overlapping p orbitals). Therefore, structure (d) is not 
expected to undergo an Snl reaction. 


17.50. The correct answer is (b). In the first step, one 
equivalent of NBS will install one Br (not two) at the 
benzylic position: 


NBS (one equiv.) 
OO 
heat 


The resulting secondary benzylic halide is expected to 
undergo an E2 reaction upon treatment with a strong, 
sterically hindered base, giving structure (b). 


Br 


Br 


t-BuOK 
——— 
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17.51. The correct answer is (c). The benzylic position 
undergoes oxidation with chromic acid. Notice that 
oxidation of the ethyl group involves cleavage of a C-C 
bond to give a carboxylic acid with one less carbon atom 
than the starting material. 


QC 


17.52. The correct answer is (d). [10]Annulene is not 
aromatic because the hydrogen atoms positioned inside 
the ring (shown in red) experience a steric interaction 
that forces the compound out of planarity: 


(0) 


Na5Cr;0; OH 
G 
H2804, H2Ò 


17.53. The correct answer is (a). The lone pair on 
nitrogen atom 2 is delocalized by aromatic resonance. 
Since this lone pair is delocalized, it is less available to 
function as a base, making nitrogen atom 1 the stronger 
base. This prediction is confirmed by comparing the two 
conjugate acids. Protonation of nitrogen atom 1 does not 
have a significant effect on the stability of the molecule, 
because both rings are still aromatic. However, 
protonation of nitrogen atom 2 results in the loss of 
aromaticity in the 5-membered ring. Conjugate acid 2 is 
the less stable, stronger acid, making nitrogen atom 2 the 
weaker base. 


Conjugate acid 1 
more stable conj. acid 
(aromaticity retained) 


Conjugate acid 2 
less stable conj. acid 
(aromaticity partially lost) 


17.54. The correct answer is (c). The cycloheptatrienyl 
cation, also called the tropylium cation, is aromatic. 


e 


Because the compound is a 7-membered ring, its 
molecular orbital diagram has seven MOs. The three 
bonding MOs are filled (with six electrons from the three 
z bonds), as expected for an aromatic system. 
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17.55. In cycloheptatrienone, the resonance structures 
with C* and O contribute significant character to the 
overall resonance hybrid, because these forms are 
aromatic: 


| ea o? o? ] 
6-8-À- 


aromatic aromatic 


Therefore, the oxygen atom of this C-O bond is 
particularly electron rich. — A similar analysis of 
cyclopentadienone reveals resonance structures with 
antiaromatic character (4n n electrons): 


Zo £ of 
ae 


antiaromatic antiaromatic 


These resonance structures contribute very little 
character to the overall resonance hybrid, and as a result, 
the oxygen atom of this C=O bond is less electron rich as 
compared with most C=O bonds. 


17.56. 
(a) Each of the rings in the following resonance structure 
is aromatic. 


CO - OO) 


© 


Therefore, this resonance structure contributes 
significant character to the overall resonance hybrid, 
which gives azulene a considerable dipole moment. 


(b) The following compound has resonance structures in 
which both rings are aromatic, as shown here: 


203 — OG) 


aromatic 
Therefore, this compound will have a significant dipole 
moment. 
In contrast, the other compound does not have resonance 
structures in which both rings are aromatic, and is not 
expected to exhibit a dipole moment. 


A 


aromatic 


17.57. There are two questions to ask when approaching 
a synthesis problem. 


1) Is there a change in the carbon skeleton? 
2) Is there a change in the position or identity of the 
functional groups? 


In this case, there is a change in the carbon skeleton. 
The product has two more carbon atoms than the starting 
material: 

1 


— > 
Also, a functional group (a x bond) must be installed. 
Let's begin with the change in the carbon skeleton. In 
order to increase the size of the carbon skeleton, we must 
form a C-C bond. A Grignard reaction will allow us to 


form the critical C-C bond, and the resulting alcohol can 
then be converted into the desired alkene via an El 
3) H50* 


dehydration process, as shown below. 
B 
4) conc. H2504, 
heat 
OH 
conc. 
H5S04 


1) Mg 
3) H4O* heat 


1) Mg 
2) CH3CHO 
ee 


O 
2) e 


17.58. In acidic conditions, the OH group is protonated, 
thereby generating a better leaving group (H20). Loss of 
the leaving group generates a tertiary carbocation, which 
can rearrange via a hydride shift to generate a resonance- 
stabilized benzylic carbocation. This benzylic 
carbocation is then captured by a chloride ion (generated 
in the first step of the mechanism) to give the product, as 
shown. 


9H ug 
> 
Cl 
Ny. „© 
H--Cr :CI: 
H 
E © 
UN 
H e 
benzylic 


carbocation 


/ 
2 


H 
tertiary carbocation 


17.59. The molecular formula (CoH1002) indicates five 
degrees of unsaturation (see Section 14.16), which is 
strongly suggestive of an aromatic ring, as well as one 
additional double bond or ring. The signal just above 
3000 cm’! in the IR spectrum confirms the aromatic ring, 
as does the signal just above 1600 cmr'. The 'H NMR 
spectrum exhibits two doublets between 6.9 and 7.9 
ppm, each with an integration of 2. This is the 
characteristic pattern of a disubstituted aromatic ring, in 
which the two substituents are different from each other: 


The singlet at 3.9 ppm (with an integration of 3) 
represents a methyl group. The chemical shift is 
downfield from the expected benchmark value of 0.9 
ppm for a methyl group, indicating that it is likely next to 
an oxygen atom: 


3—OCH, 


The singlet at 2.6 ppm (with an integration of 3) 
represents an isolated methyl group. The chemical shift 
of this signal suggests that the methyl group is 
neighboring a carbonyl group: 


O 


NR 


The carbonyl group accounts for one degree of 
unsaturation, and together with the aromatic ring, this 
would account for all five degrees of unsaturation. The 
presence of a carbonyl group is also confirmed by the 
signal at 196.6 ppm in the PC NMR spectrum (consistent 
with a ketone functional group). 

We have uncovered three pieces, which can only be 
connected in one way, as shown: 


This structure is consistent with the ^C NMR data: four 
signals for the sp?-hybridized carbon atoms of the 
aromatic ring, and two signals for the sp?-hybridized 
carbon atoms (one of which is above 50 ppm because it 
is next to an oxygen atom). 
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Also notice that the carbonyl group is conjugated to the 
aromatic ring, which explains why the signal for the 
C=O bond in the IR spectrum appears at 1676 cm", 
rather than 1720 cm". 


17.60. 

(a) If we functionalize the benzylic position (via 
bromination), the product can be obtained in just one 
more step, via a Williamson ether synthesis, as shown: 


DR p 
NBS, heat on Br NaOEt 


(b) This transformation requires that we move the 
position of the OH group. This was a strategy that was 
covered in Chapter 11. Specifically, we saw that the 
location of an OH group can be moved via elimination 
followed by addition. The first step is to convert the 
alcohol into an alkene via acid-catalyzed dehydration 
(El) Then, hydroboration-oxidation will convert the 
alkene into the desired alcohol, via an anti-Markovnikov 
addition of H and OH across the x bond: 


1) NBS, heat 


————————————- 


2) NaOEt 


OH 
1) conc. H2504, OH 
heat 
2) BH3 +: THF 
3) H202, NaOH 
conc. H2504 1) BH THF 
heat 2) H203, NaOH 


(c) The carbon skeleton is getting larger, so we must 
form a C-C bond. In addition, we must install a triple 
bond. Both of these goals can be achieved via 
bromination at the benzylic position, followed by an Sn2 
reaction in which an acetylide ion is used as the 


nucleophile, as shown: 


NBS, heat 
ee HC=CNa 


17.61. The molecular formula (C11H1402) indicates five 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring, as well as either 
one double bond or one ring. 


1) NBS, heat 
oo 
2} HC=CNa 


M 
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In the 'H NMR spectrum, the signals near 7 ppm are 
likely a result of aromatic protons. Notice that the 
combined integration of these two signals is 4H. This, 
together with the distinctive splitting pattern (a pair of 
doublets), suggests a 1,4-disubstituted aromatic ring, in 
which the two substituents are different: 


The spectrum also exhibits a singlet with an integration 
of 9H (at approximately 1.4 ppm) which is characteristic 


of a tert-butyl group. 


The !H NMR spectrum has only one other signal, very 
far downfield, characteristic of a carboxylic acid: 


o 
vos 


The presence of a carboxylic acid group is confirmed by 
the IR spectrum, which has a broad signal between 2200 
and 3600 cmr!. The carboxylic acid group also accounts 
for one degree of unsaturation, and together with the 
aromatic ring, they collectively account for all five 
degrees of unsaturation. 

We have uncovered three fragments, which account for 
all of the atoms in the molecular formula. These three 
fragments can only be connected in one way, as shown: 


The PC NMR spectrum confirms this structure. The 
signal at 172.6 ppm corresponds to the carbon atom of 
the carbonyl group. The next four signals on the 
spectrum (above 100 ppm) are characteristic of a 
disubstituted aromatic ring, and finally, there are two 
signals between 10 and 60 ppm for the tert-butyl group 
(all three methyl groups are equivalent and give one 


signal, in addition to the signal from the benzylic carbon 
atom). 


17.62. The molecular formula (CoH100) indicates five 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring, as well as either 
one double bond or one ring. 

In the 'H NMR spectrum, the multiplet near 7 ppm is 
likely a result of aromatic protons. The integration of 
this multiplet is 5H, indicating a monosubstituted 
aromatic ring: 


The spectrum also exhibits two triplets (near 3 ppm), 
indicating two methylene groups connected to each 


other: 
i 
-g-i 
i 


H 


Each of these signals appears more downfield than we 
might expect for a methylene group (1.2 ppm), so each 
of these methylene groups must be connected to a group 
that causes a deshielding effect. This must be taken into 
account in our final structure. 

The singlet near 10 ppm is characteristic of an aldehyde 


group: A 
a 


We have uncovered three fragments, which account for 
all of the atoms in the molecular formula. These three 
fragments can only be connected in one way, as shown: 


— S4 itty of 


Notice that the structure explains why the two triplets 
appear downfield. One is shifted downfield primarily as 
a result of its proximity to the carbonyl group, while the 
other is shifted primarily as a result of its proximity to 
the aromatic ring. 

The PC NMR spectrum confirms the structure above. 
The signal near 200 ppm corresponds to the carbon atom 
of the carbonyl group. The next four signals on the 
spectrum (above 100 ppm) are characteristic of a 


monosubstituted aromatic ring, and finally, there are two 
signals between 10 and 60 ppm for the methylene 
groups. In addition, the IR spectrum also confirms this 
structure. The strong signal near 1700 cm"! corresponds 
with the C=O bond, and the signals between 3000 and 
3100 cnr! correspond with the aromatic ring. 


17.63. 

(a) The second compound holds greater promise as a 
potential antihistamine, because it possesses two planar 
aromatic rings separated from each other by one carbon 
atom. The first compound has only one aromatic ring. 
The ring with the oxygen atom is not aromatic and not 
planar. 

(b) The second compound is expected to exhibit sedative 
properties, because it lacks polar functional groups that 
would prevent it from crossing the blood-brain barrier, as 
described in the BioLinks application (that appears at the 
end of Section 17.5). 


17.64. No, this compound possesses an allene group 
(C=C=C). The p orbitals of one C=C bond of the allene 
group do not overlap with the p orbitals of the other C=C 
bond (the two sets of p orbitals are orthogonal). This 
prevents the compound from having one continuous 
system of overlapping (i.e., parallel) p orbitals. 


17.65. The molecular formula (CsHi:o) indicates four 
degrees of unsaturation (see Section 14.16), consistent 
with an aromatic ring. The 'H NMR spectrum of 
compound A has a multiplet near 7 ppm with an 
integration of 5H, indicating a monosubstituted aromatic 
ring: 


The aromatic ring accounts for six of the eight carbon 
atoms in the structure. If the ring is monosubstituted, 
then the other two carbon atoms must be an ethyl group, 
which is consistent with the two upfield signals in the 'H 


NMR spectrum: 


Compound A 


Compound B is a constitutional isomer of A and exhibits 
four signals in its C NMR spectrum, which is 
consistent with  ortho-xylene  (meta-xylene would 
produce five signals, while para-xylene would produce 
three signals in its PC NMR spectrum): 


Compound B 
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Compound C is a constitutional isomer of A and B, and 
it exhibits three signals in its C NMR spectrum, which 
is consistent with para-xylene. Compound D is a 
constitutional isomer of A, B, and C, and it must be 
meta-xylene: 


KA 


Compound C Compound D 

17.66. The lone pair on the nitrogen atom in compound 
A is localized and is not participating in resonance. It is 
free to function as a base. The lone pair on the nitrogen 
atom in compound B is delocalized, allowing the 


compound to achieve aromatic stabilization via 
resonance: 
YAA e / 


aromatic 


In compound B, the lone pair on the nitrogen atom is 
participating in establishing aromaticity, and therefore, it 
is not available to function as a base. 


17.67. There are two questions to ask when approaching 
a synthesis problem. 


1) Is there a change in the carbon skeleton? 
2) Is there a change in the position or identity of the 
functional groups? 


In this case, there is a change in the carbon skeleton. 
The product has one less carbon atom than the starting 
material: 


This carbon atom 
must be removed 


Also, a functional group (a C=O bond) must be installed, 
and the aromatic ring must be reduced to a diene. 

Let's begin with the change in the carbon skeleton. We 
have learned one suitable method (ozonolysis) to remove 
a carbon atom from the carbon skeleton and produce a 
ketone. Ozonolysis would indeed install the necessary 
functional group in the correct location: 


(0) 


1} O3 
— 
2) DMS 
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And the ketone above can be treated with Birch 
conditions to give the desired product: 


c^ Na, CHjOH on 
Nie CU 


Notice that the regiochemical outcome of the Birch 
reduction is controlled by the carbonyl group, giving the 
desired product. 

The strategy above requires that we first form the alkene 
from the starting material: 


o^ c 
"ood 


o-oo 


17.68. 


This can be accomplished via bromination of the 
benzylic position, followed by elimination (E2) upon 
treatment of the tertiary bromide with any strong base 
(such as sodium ethoxide). The entire synthesis is 
summarized here: 


1) NBS, heat o 
2) NaOEt 
Oe 
3) O3 
4) DMS 


5) Na, NH3 
CHOH 


Na, NH3 
CH30H 


: Os 
2) DMS 


The following retrosynthetic analysis (and subsequent explanation) represents one strategy for preparing the 


desired compound from the given starting materials (acetylene and toluene): 


a. The cis epoxide can be made from the corresponding cis alkene, via epoxidation with a peroxy acid. 
b. The cis alkene can be made from the corresponding alkyne, via a syn addition of molecular hydrogen 
(H2) in the presence of a poisoned catalyst, such as Lindlar's catalyst. 


c. The internal alkyne can be made from a terminal alkyne and benzyl bromide. 


The terminal alkyne is 


first deprotonated to give an alkynide ion, which is then treated with benzyl bromide (in an Sn2 


reaction). 


d. The terminal alkyne can be made from acetylene and benzyl bromide. Acetylene is first deprotonated to 
give an acetylide ion, which is then treated with benzyl bromide (in an Sn2 reaction). 
e. Benzyl bromide can be made from toluene via radical bromination at the benzylic position. 
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The forward process is shown here: 


1) NaNH 
NBS Br = SN aNng 
heat HC=CNa ia [Em 


cat. 


17.69. 

(a) Each of the double bonds and triple bonds contributes two x electrons, and each of the unpaired electrons counts as 
one electron. This gives a total of 14 s electrons (41-2), so the large ring in B is aromatic. 

(b) Each of the negative charges is delocalized over three positions, as seen in the following three resonance structures: 


CeO ^O XOT NG. C 
ok K 
Z Z wx 


b dd "T RO ZA 
NC/9^CN NC/9^CN NC^9^CN 


Z 3 Z 3 A SS 
x : 
eq J xt ane E s ex J PEESI 
> a 
SOF ludi dd 
ne NC~©>cN Nc~©>cn 


712 CHAPTER 17 


17.70. The nitrogen atom incorporated in the ring in 
compound 2 (highlighted below) possesses a double 
bond and is clearly sp? hybridized. 


o 


(©) 
NZNEN 


N «——2À sp? hybridized 
S 


So, we must determine the hybridization state of the 
same nitrogen atom in compound 1. This requires that 
we determine whether the tetrazole ring is aromatic. 
That is, the lone pair on the nitrogen atom will occupy a 
p orbital (rendering the nitrogen atom sp? hybridized) if 
doing so establishes aromaticity. However, if doing so 
establishes antiaromaticity, then the nitrogen atom would 
adopt sp? hybridization to avoid antiaromaticity. 

To determine if the tetrazole ring is aromatic, we count 
the 1 electrons. The atoms highlighted below contribute 
a total of four x electrons (two for each x bond). 


2 1 electrons 


2 7 electrons 


The lone pairs on those atoms must reside in sp?- 
hybridized orbitals (rather than p orbitals) in the plane of 
the ring, and cannot contribute to aromaticity: 


The lone pair on the remaining nitrogen atom therefore 
occupies a p orbital, giving a total of 6 x electrons. 


17.72. 


2 1 electrons NS 
N ~ 


7 N 
|| <> 2 q electrons 


gs NN 


With a Hückel number of m electrons (4n+2), the 
tetrazole ring is indeed aromatic, and as such, this 
nitrogen atom is sp? hybridized. Therefore, this nitrogen 
atom does not undergo a change in hybridization state 
during the isomerization process. lt is sp? hybridized in 
both constitutional isomers. 


2 n electrons 


17.71. 

(a) If planar, the cyclooctatetraene ring would be 
antiaromatic (4n n electrons). It instead adopts a more 
stable tub conformation that is nonplanar, thus avoiding 
the energetic cost of  antiaromaticity. The tub 
conformation allows all four cyano groups to be oriented 
approximately in the same direction such that they can 
coordinate to a single Mg" ion as shown. 


E 
24 TAN 
“ i YN 
dis 
4 hi EN 
Ww N 
C C N 


(b) The four cyano groups on 1,2,4,5-tetracyanobenzene 
are oriented away from each other due to benzene’s 
planar (aromatic) structure. As a result, the four cyano 
groups cannot be simultaneously coordinated to the same 
Mg” ion. 


Ne es E 
ne E 


(a) Consider the three resonance structures for naphthalene, and focus in particular on the C1-C2 bond and the C2-C3 


1 1 1 
2 2 2 
b CL eC 
3 3 3 


Notice that the C1-C2 bond is a double bond in two of the three resonance structures, while the C2-C3 bond is a double 
bond in only one of the resonance structures. As such, the C1-C2 bond has more double-bond character than the C2-C3 
bond, so the C1-C2 bond will have a shorter bond length. Recall that double bonds are shorter than single bonds (see 


bond: 


Table 1.2). 
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(b) Begin by drawing all of the resonance structures: 
9 — 10 9 — 10 9 — 10 
m ee 
9 — 10 9 — 10 
= 


Notice that the C9-C10 bond is a double bond in four of the five resonance structures. No other bond in phenanthrene 
has this feature. As such, the C9-C10 bond is expected to have the most double-bond character, and consequently, the 
shortest bond length. 


(c) In part (b), we determined that the C9-C10 bond has the most double-bond character, and in fact, this bond 
functions very much like a regular x bond. It will undergo addition with Br? to give a dibromide which retains 
aromaticity on two of the rings: 


——— 
17.73. 


(a) We know that tert-butyl groups are sterically bulky, so it is reasonable to suggest that the presence of three tert- 
butyl groups provides enough steric hindrance to slow the rate of the Diels-Alder process substantially, allowing the 
compound to be stable at room temperature. 


(b) With these particular substituents, it is possible to draw resonance structures in which the double bonds are not 
positioned inside the ring, thereby diminishing the destabilizing effect of antiaromaticity. 


o 
@! 
Et—N OEt 
-—— — -—— > etc 
Eto N- Et 
O Et 
© 


(c) Unlike systems with 4n n electrons, which exhibit destabilization associated with antiaromaticity, systems with 
(4n+2) n electrons exhibit aromatic stabilization. For these systems, the presence of resonance structures that diminish 
the aromatic stabilization will have a destabilizing effect. 


17.74. In Chapter 15, we learned about magnetic anisotropy, and how aromatic ring currents have a shielding effect on 
substituents located at the interior of large aromatic rings. The starting material has an aromatic [14]annulene ring, 
which causes the two methyl groups to be shielded from the external magnetic field (even more so than the protons in 
TMS!), hence their chemical shift of —3.9 ppm. When treated with a base, deprotonation occurs to generate a new 
aromatic system — notice that the five-membered ring now has 6 n electrons: 
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14 1 electrons = aromatic 


The aromatic stabilization associated with the five membered ring will cause the following highlighted x electrons 
(fused to the [14]annulene system) to be less available to the larger ring for conjugation, therefore resulting in a 
diminished ring current: 


t-Bu t-Bu 


As a result, the local magnetic field established by the [14]annulene system opposes the external magnetic less 
significantly, causing the methyl groups to become less shielded. Being less shielded is equivalent to being more 
deshielded, so the signals for the methyl protons are shifted downfield (i.e., shifted to a higher ppm) from —3.9 ppm to 


—1.8 ppm. 


17.75. First, let's consider the relative basicity of each 
nitrogen atom in the structure. 


Nb d 
NO i 
Br LE FA e 
H 
d eme a 


(a) The lone pair on this nitrogen atom is delocalized and 
occupying a p orbital, thereby including the central ring 
in the aromatic stabilization of this compound. 
Protonation of this nitrogen is thus unlikely, as it would 
disrupt this extended aromatic system. Each of the two 
six-membered rings of the product below is still 
aromatic, but the extended aromatic system would be 
lost. 


Extended aromatic system 


N 
NS 
NG 


d 
dH 


(b) The lone pair on this nitrogen atom occupies an sp?- 
hybridized orbital that is orthogonal to the conjugated m 
system of the ring. Protonation of this nitrogen is thus 


reasonable, as the extended aromaticity of the resulting 
conjugate acid remains intact. 


Extended aromatic system Extended aromatic system 
E — `g 
N N-—H 
VG Bed N 
N N 
Br V Br N 
H H 


(c) The lone pair on this nitrogen atom is delocalized, as 
can be demonstrated by the following resonance 
structure. Thus, protonation of this nitrogen atom is not 
likely, as doing so would result in a loss of resonance 
stabilization. 


a ©.. 
ÇN-H :N—H 
ANY Ace o 
/ :N—H / —H 
H / H / 
H H 


(d) The lone pair on this nitrogen atom is localized, and 
not involved in any resonance structures. Protonation of 
this site is therefore reasonable. 


AEH 
^d, AA 
H H 


Furthermore, protonation at this position leads to a 
resonance-stabilized conjugate acid in which the positive 
charge is delocalized over all three nitrogen atoms. 


(e) The lone pair on this nitrogen atom is delocalized in a 
fashion analogous to location c. Protonation of this site is 
thus unlikely. 


T Q.. 
AS PUR 
x LIES UM 
H i H Ns 
H H 


Based on the above analysis, treatment of the natural 
product with two equivalents of HCl is expected to 
afford the following conjugate acid: 
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17.76. In order to propose a structure for the fragment at 
m/z — 39, we should consider all of the possible 
combinations of atoms that will provide a mass-to- 
charge ratio of 39. Considering the atoms present (C, H, 
N) in each of the analytes, there are two possible ionic 
formulas that fit: C2NH* or C3H3*. Considering the fact 
that the fragment is very common (found in 17 of 20 
samples), and relatively abundant (5-84% of the base 
peak), it is reasonable to assume that this fragment is a 
relatively stable cation. While there is no obvious stable 
cation with a formula of C2NH*, we can draw an 
aromatic cation with a formula of C3H3*, called a 
cyclopropenium cation. 
© 


A 


Now we must consider why the compounds in the top 
row produce this fragment, while those in the bottom 
row do not. Each of the compounds in the top row 
contains at least three contiguous carbon atoms with at 
least three hydrogen atoms among them (these six atoms 
are necessary for formation of the cyclopropenium 
cation), as highlighted below. 


N N NH, 

A Aa N 
i Y Y HN y HNI SS 
Si xw N S = 


This is a structural feature that the three compounds in 
the bottom row lack. Thus, it is reasonable to propose 
that the  cyclopropenium fragment results from 
rearrangements of the fragments from the molecules in 
the top row. 


17.77. Many resonance structures can be drawn for dication 2. The following are just a few of them: 


—. (4 aromatic rings) 


CO X DOO UO XO 


Notice that only resonance structure 2a has four complete aromatic rings. The extra stabilization associated with this 
structure means that this resonance structure will contribute more character to the overall resonance hybrid, and as a 
result, the two neighboring central carbon atoms in dication 2 will both exhibit a large degree of cationic character. 
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17.78. 
(a) Sodium methoxide is a strong base, which removes the most acidic proton in the starting material. The resulting 


resonance-stabilized anion can then function as a nucleophile and attack 3-bromo-1-propyne in an Sn2 process, giving 
alkyne A. 


resonance-stabilized A 


(b) As mentioned in the solution to part (a), the anionic intermediate is resonance-stabilized, so we draw the resonance 


structures: 
s Lo FC Ju F3C 
e 


P 
o A 


Among these resonance structures, the last one is expected to contribute the most character to the overall resonance 
hybrid, for two reasons: 1) the negative charge is placed on an oxygen atom (rather than on the less electronegative 
nitrogen atoms or carbon atom), and 2) this resonance structure exhibits a benzene-like ring. In fact, this anionic 
intermediate is indeed aromatic, and we expect the oxygen atom to bear the majority of the delocalized negative charge. 
Based on this, we can propose the following structure and mechanism of formation for product B: 


(c) In addition to the analysis in part (b) that explains why the oxygen atom has more ionic character than the nitrogen 
atom (making it more nucleophilic), compound B also has aromatic stabilization that is absent in A. As such, B is 
expected to be lower in energy, so the product mixture will have more of B than A. 


eene d 
P | 


Za N N: 


Na, ^N. 7^ N. 2 
not aromatic aromatic 
^ A B 


Chapter 18 
Aromatic Substitution Reactions 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 18. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 


Vocabulary. 
e In the presence of iron, an aromatic substitution reaction is observed between 
benzene and bromine. 
e [ron tribromide is a acid that interacts with Br» and generates Br*, which is 


sufficiently electrophilic to be attacked by benzene. 
Electrophilic aromatic substitution involves two steps: 


o Formation of the complex, or arenium ion. 
o Deprotonation, which restores : 
Sulfur trioxide (SO3) is a very powerful that is present in fuming sulfuric acid. 


Benzene reacts with SO; in a reversible process called : 

A mixture of sulfuric acid and nitric acid produces the nitronium ion (NO2*). Benzene reacts 
with the nitronium ion in a process called 

A nitro group can be reduced to an group. 

Friedel-Crafts alkylation enables the installation of an alkyl group on 

. When choosing an alkyl halide, the carbon atom connected to the 


halogen must be hybridized. 
When treated with a Lewis acid, an acyl chloride will generate an ion, which is 
resonance stabilized and not susceptible to rearrangements. 


When a Friedel-Crafts acylation is followed by a Clemmensen reduction, the net result is the 
installation of an group. 


A methyl group is said to activate an aromatic ring and is an - director. 

All activators are - directors. 

A nitro group is said to deactivate an aromatic ring and is a director. 

Most deactivators are directors. 

Strong activators are characterized by the presence of a immediately 
adjacent to the aromatic ring. 

Strong deactivators are powerfully electron withdrawing, either by or 

When multiple substituents are present, the more powerful dominates the 


directing effects. 
In a nucleophilic aromatic substitution reaction, the aromatic ring is attacked by a 
. This reaction has three requirements: 


o the ring must contain a powerful electron-withdrawing group (typically a group) 
o the ring must contain a 
o the leaving group must be either or to the electron-withdrawing group. 


An elimination-addition reaction occurs via a intermediate. 
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Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 18. The answers appear in the section entitled Skil/Builder Review. 


18.1 Identifying the Effects of a Substituent 


Place each of the NR à à 
following groups in —NR3s C=N Br CX; NO, 
the correct category —4 —NH, JL 
below: —OR R —o R —Cl —OH —I —R 
Activators Deactivators 
Strong Moderate Weak Weak Moderate Strong 


18.2 Identifying Directing Effects for Disubstituted and Polysubstituted Benzene Rings 


In the following compound, identify the position that is 
most reactive towards electrophilic aromatic substitution. CH3 


HO 


NO; 


18.3 Identifying Steric Effects for Disubstituted and Polysubstituted Aromatic Benzene Rings 


In the following compound, identify the position that is 
most reactive towards electrophilic aromatic substitution. 


NO; 


18.4 Using Blocking Groups to Control the Regiochemical Outcome 
of an Electrophilic Aromatic Substitution Reaction 


Identify reagents that can be used to achieve the following transformation: 


*C 
a 


18.5 Proposing a Synthesis for a Disubstituted Benzene Ring 


Identify reagents that can be used to achieve the following transformation: 


— 
OE E 
oC) 
T— ™ 
oC? 
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18.6 Proposing a Synthesis for a Polysubstituted Benzene Ring 


Complete the following retrosynthetic analysis: 


HS 


18.7 Determining the Mechanism of an Aromatic Substitution Reaction 


Indicate the mechanism that operates in each of the three scenarios shown in the following decision tree: 


Electrophilic 


Are the reagents Yes 
nucleophilic or electrophilic? 


ili Are all three criteria 
Nucleophil 
pare | satisfied for a nucleophilic No 
| aromatic substitution? 


Review of Reactions 

Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 18. The answers appear in the section 
entitled Review of Reactions. 


Electrophilic Aromatic Substitution 
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Nucleophilic Aromatic Substitution 


Br OH 


NO» NO; 
Elimination-Addition 


Cl OH 


NH» 
NH; 


Cl 


Review of Mechanisms 

Complete each of the following mechanisms by drawing the missing curved arrows. To verify that your 
curved arrows are drawn correctly, compare them to the curved arrows in the mechanism boxes for 
Mechanisms 18.1 — 18.9, which can be found throughout Chapter 18 of your text. 


Mechanism 18.1  Bromination of Benzene 


Formation of electrophilic complex 


DEL FeBrs a JESS 
&-8: dE M m 


H Br: 
Cy CY + FeBr4 + HBr 
. @ o 
‘Br —Br —FeBra -Br rata / 


© H H H 


Br: Br: Br: 
Br i 3r = Br 
© © 
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Mechanism 18.2 Chlorination of Benzene 


Formation of electrophilic complex 


nie fe AlCla . 8 
:ClI—Cli. ———— — :CI-CI—AICly 


ci 
CY + AICI, + HCI 
in 12 
cna 


© H H H 


Cu oe Oe a Cr 


Mechanism 18.4 Sulfonation of Benzene 
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Mechanism 18.5 Nitration of Benzene 


Formation of NO;* ‘0° 
Il 
H-6-$-0-H 
ʻo “0° | 
Onn : lum 
Ls On N 
:0°®~OH "9 2°09 


Mechanism 18.6 Friedel-Crafts Alkylation 


Formation of electrophilic complex 


9 © 
CI-AICl, 


e 


e 


o 
AICly 


+ AIClz + HCI 
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Mechanism 18.7 Friedel-Crafts Acylation 


Formation of electrophilic complex 


+ AlCl4 + HCI 


"NL 
dene 


Mechanism 18.8 Nucleophilic Aromatic Substitution (SNAr) 


:Cl: :ÓH 


:Cl, :OH :Cl, :OH :Cl, :OH :Cl, :OH 
e © 
-——— =_—> =_—, 
o 
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Common Mistakes to Avoid 


For most ortho-para directors, we can typically rely on steric effects that will favor substitution at the para 
position rather than the ortho position: 


ortho-para 


director Electrophilic R R 
Aromatic X 
_ Substitution — | BS 
+ 
Z 
X Minor 
Major 


The major product results from para attack, and the minor product results from ortho attack. If we want to 
achieve substitution exclusively at the ortho position, then we must employ a blocking group: 


ortho-para 


director Install Electrophilic Remove R 
blocking Aromatic blocking X 
group SUP Sten c group 
SO3H SO3H 


With this technique, we use the para-directing effects of the substituent to block (temporarily) the para 
position. This allows us to perform the desired reaction at the ortho position, followed by removal of the 
blocking group. 

When designing a synthesis that involves the directing effects of an ortho-para director, you can generally 
rely on a preference for para attack (at the expense of ortho attack). A notable exception is toluene [where 
the group (methyl) is very small], for which the ratio of ortho and para products is sensitive to the 
conditions employed, such as the choice of solvent. In some cases, the para product is favored; in others, 
the ortho product is favored. Therefore, it is generally not wise to utilize the directing effects of a methyl 
group to favor a reaction at the para position over the ortho position: 


H3 Electrophilic 
Aromatic 
Z Subsutution 


When toluene undergoes an electrophilic aromatic substitution reaction, a mixture of ortho and para 
products is unavoidable. Therefore, it would be inefficient to rely on the directing effects (to favor para 
attack over ortho attack) of a methyl group. Avoid making this mistake, as there are many ways that this 
mistake can manifest itself in a synthesis problem. For example, if you are designing a synthesis for a 
polysubstituted aromatic ring (where one of the substituents is a methyl group), consider installing the 
methyl group last, rather than first. Consider the following transformation, which requires two successive 
Friedel-Crafts alkylation reactions: 


This transformation is best achieved if the tert-butyl group is installed prior to the methyl group. After the 
tert-butyl group is installed, subsequent methylation is forced to occur almost exclusively at the para 


position (because of the steric bulk of the tert-butyl group). In contrast, if methylation is performed first, 
then installation of the tert-butyl group will not proceed with the same degree of regioselectivity. 


Useful reagents 
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The following is a list of reagents encountered in this chapter: 


Reagents Name of Reaction Description 
Bro, AIBrs or FeBr3 Bromination Installation of a bromine atom on an aromatic ring. 
TNT Installation of a bromine atom on a moderately or strongly 
Br Bromination ; AE 
activated aromatic ring. 
Cb, AlCl; or FeCl; Chlorination Installation of a chlorine atom on an aromatic ring. 
Cb Chlorination Installation ofa chlorine atom on a moderately or strongly 
activated aromatic ring. 
Installation of a nitro group on an aromatic ring. Cannot 
HNO;, H2SO4 Nitration be performed if an amino group is already present on the 
aromatic ring. 
: . Installati ic aci 
Fuming H2S04 Sulfonation nstallation of a sulfonic acid group, often used as a 
blocking group. 
Dilute H2SO4 Desulfonation Removes a sulfonic acid group. 
Installation of an alkyl group on an aromatic ring. This 
process is limited to R groups that are not susceptible to 
Friedel-Crafts carbocation rearrangements. Unless otherwise indicated, 
RCI, AlCl; : » : i : 
alkylation assume conditions will favor monoalkylation. This 
reaction cannot be performed on a moderately or strongly 
deactivated aromatic ring. 
Friedel-Crafts Installation of an acyl group on an aromatic ring. This 
évlation reaction cannot be performed on a moderately or strongly 
R CI , AlCl a deactivated aromatic ring. 
1) Fe or Zn, HCl : : : : . 
Reduction Reduction of a nitro group to give an amino group. 
2) NaOH 
Excess NBS Benzylic bromination | Exhaustive bromination of the benzylic position. 


1) KMnO4, H20, heat 
2) H30* 


Benzylic oxidation 


Oxidation of the benzylic position to give a carboxylic 
acid. 


Zn(Hg), HCl, heat 


Clemmensen reduction 


Reduction of a ketone or aldehyde carbonyl group to give a 
methylene (CH2) group (from a ketone) or a methyl (CH3) 
group (from an aldehyde). 


A strong nucleophile used in nucleophilic aromatic 


SnAr or EST : C A 
NaOH ae substitution reactions as well as elimination-addition 
elimination-addition i 
reactions. 
DE D A t i i 
NaNH» ehntinanoncadüibion very strong base (and strong nucleophile) used in 
elimination-addition reactions. 
Solutions 


18.1. In the first step, the aromatic ring functions as a 
nucleophile and attacks the electrophile (T), giving a 
resonance-stabilized intermediate (called a sigma 


complex). The sigma complex then loses a proton to 
restore aromaticity, affording the product: 
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Ip, CuCl; 


i? ‘Base 


H I H I H I 
© © 
<=> <> 
e 
The problem statement has not provided enough 
information for us to determine the identity of the base 
that removes the proton in the last step of the process. 
This type of situation is extremely rare. In nearly all 


cases that you encounter throughout this course, you 
should be able to determine the identity of the base. 


18.2. If we consider the fact that desulfonation is the 
reverse process of sulfonation, then the first step of 
desulfonation should be a proton transfer (since that was 
the last step of sulfonation). The aromatic ring is then 
protonated to give a resonance-stabilized intermediate 
(sigma complex), which then loses SOs to regenerate 
aromaticity. 


S : 
^ Dilute H2SO 
cys) mem. 


- $0 


18.3. The aromatic ring functions as a base and removes 
a deuteron from D2SOs, giving an intermediate sigma 


complex, which then loses a proton to restore 


aromaticity. 


D2504 


18.4. 

In the presence of sulfuric acid, nitric acid can be 
protonated, followed by loss of water to give a nitronium 
ion (highlighted): 


i H2SO4 i 


uw nitronium ion 


7 


The aromatic ring then functions as a nucleophile and 
attacks the nitronium ion to give an intermediate sigma 
complex, which then loses a proton to restore 
aromaticity. Water is the likely base for the final 
deprotonation step, since water is present in these 
mixtures of concentrated aqueous acids (and there are no 
strong bases present in strongly acidic conditions). 


H NO; 
e 
NO; 
[0] 
NS Hv CH 
I lr. 
H NOs H NOs H NO; 
© —- <> g | 
© 


18.5. 

(a) When benzene is treated with R-CI in the presence of 
a Lewis acid, an R group is installed on the aromatic 
ring. In this case, the R group is a cyclohexyl group, so 
we expect a cyclohexyl group to be installed on the 
aromatic ring, giving the following product: 


Sav 


(b) When benzene is treated with R-CI in the presence 
of a Lewis acid, an R group is installed on the aromatic 
ring. In this case, the R group is a tert-butyl group, so 
we expect a tert-butyl group to be installed on the 
aromatic ring. No rearrangement is expected, since the 
carbocation formed upon chloride departure is tertiary. 


Vas 


(c) When benzene is treated with R-CI in the presence of 
a Lewis acid, an R group is installed on the aromatic 
ring. In this case, consider the complex that is formed 
when R-Cl interacts with the Lewis acid: 


(c 


COP : AlCl, 


© © 


a eae 
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This complex can either be attacked by benzene, 


© o (2 Electrophilic 
GEIS ACh — — Aromatic 
Substitution 


or the complex can rearrange, via a hydride shift, to give 
a tertiary carbocation, which can then react with 
benzene: 


PLE —> me. 


Electrophilic 
Aromatic 
Substitution 


As such, there are two possible products for this 
electrophilic aromatic substitution reaction: 


oor 
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18.6. An interaction between a lone pair (on one of the chlorine atoms) and the Lewis acid generates a complex that 
can lose a leaving group (AICl4 ) to give a tertiary carbocation. This carbocation then functions as an electrophile in 
an electrophilic aromatic substitution reaction. That is, benzene attacks the carbocation to give an intermediate sigma 
complex, which then loses a proton to restore aromaticity. All of the steps above are then repeated once again to close 
the ring, except this time, the electrophilic aromatic substitution reaction occurs in an intramolecular fashion. A lone 
pair on the chlorine atom interacts with the Lewis acid to generate a complex that can lose a leaving group (AlCl4 ) to 
give a tertiary carbocation. This carbocation then functions as an electrophile in an intramolecular electrophilic 
aromatic substitution reaction. That is, the aromatic ring attacks the carbocation to give an intermediate sigma 
complex, which then loses a proton to restore aromaticity: 


t 
cl Co CNN Cl e © corer, 
Cl: [;CI— ^lCls 9 
= cl cl cl 
H cH ———À 
e e 


© 
CI—AICl3 


LN o 0 
CG: her, CI—AlCIs S 


v TEX B 9x 


Cl,AICl 


18.7. Sulfuric acid is used as an aqueous solution, so we 
indicate H3O* as the proton source in our mechanism, 
rather than H2SO4 (because H2SOA is a stronger acid than 
H30*, so mixing H2SOs and water causes the protons to 
be transferred from H2SO4 to H20, giving H30*). In 
these acidic conditions, the alkene is protonated to give a 
carbocation. This carbocation then serves as an 
electrophile in an electrophilic aromatic substitution 
reaction. The aromatic ring attacks the electrophile to 
give an intermediate sigma complex, which is then 
deprotonated to restore aromaticity, thereby giving the 
product. Water is the likely base for the final 
deprotonation step, since water is present in a solution of 
sulfuric acid (and there are no strong bases present in 
strongly acidic conditions). 


© H2SO4 
N | 
OS 


H.H 


e 


18.8. 
(a) Making the desired product via a Friedel-Crafts 
alkylation process would require the use of the following 


type of alkyl halide: 
EUN 


This alkyl halide will interact with a Lewis acid to give a 
complex that is likely to undergo a methyl shift: 


o e XN is © Electrophilic 
CkAI— CI -E aM Aromatic 


Substitution 


tertiary 
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Therefore, it is necessary to perform an acylation 
followed by a Clemmensen reduction to avoid 
carbocation rearrangements. 


(b) Making the desired product via a Friedel-Crafts 
alkylation process would require the use of the following 


type of alkyl halide: 
x a i 


This alkyl halide will interact with a Lewis acid to give a 
complex that is likely to undergo a hydride shift: 


Oo © AH CQ Electrophilic 
evi — d —- Bd — - Aromatic 


Substitution 
tertiary 


Therefore, it is necessary to perform an acylation 
followed by a Clemmensen reduction to avoid 
carbocation rearrangements. 


(c) Making the desired product via a Friedel-Crafts 
alkylation process would require the use of the following 
type of alkyl halide: 


x77 


This alkyl halide will interact with a Lewis acid to give a 
complex that is likely to undergo a hydride shift: 


AH ae Electrophilic 
CMAI—e( NL — “i 


———» Aromatic 


© Substitution 
secondary 


Therefore, it is necessary to perform an acylation 
followed by a Clemmensen reduction to avoid 
carbocation rearrangements. 


(d) Making the desired product via a Friedel-Crafts 
alkylation process would require formation of a Lewis 
acid/base complex that cannot be stabilized by a 
rearrangement. Therefore, the compound can be made 
using a direct Friedel-Crafts alkylation. 


18.9. Making the desired product via a Friedel-Crafts 
alkylation process would require the use of the following 
type of alkyl halide: 


This alkyl halide will interact with a Lewis acid to give a 
complex that is likely to undergo a methyl shift: 
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o 6 ae Electrophilic 
ClzAl— CI LA —— —— —» Aromatic 
: 9 © Substitution 


tertiary 


The desired product also cannot be made via acylation 
followed by a Clemmensen reduction, because the 
product of a Clemmensen reduction has two benzylic 
protons: 


The desired product has only one benzylic proton, which 
means that it cannot be made via a Clemmensen 
reduction. 


18.10. The anhydride interacts with the Lewis acid to give a complex which loses a leaving group to produce an 
acylium ion. This acylium ion then serves as an electrophile in an electrophilic aromatic substitution reaction. The 
aromatic ring attacks the electrophile to give an intermediate sigma complex, which is then deprotonated to restore 
aromaticity, thereby giving the product. An acetate ion is the likely base for the final deprotonation step, since acetate 
is a by-product of the reaction. Acetate is formed when the leaving group (of the second step of mechanism) breaks 


apart into AlCl; and acetate (as shown). 


©) 
@ , AlCls 


x oc ne : 
Do. Ro í i De 


AlCls 


O O O | 
R R R 
e 
H H H 
i—i i—i 
e © 
P2 
o el. 
de R 


R 


18.11. The methyl group is an activator, which directs 
the incoming electrophile (Br*) to the ortho and para 
positions: 


Br 


Br 


- AlCla 


18.12. 
(a) The ethoxy group is an activator, which directs the 
incoming electrophile (NO2*) to the ortho and para 
positions: 

OEt OEt 


NO; 


NO; 


(b) In the presence of sulfuric acid, nitric acid can be 
protonated, followed by loss of water to give a nitronium 
ion: 


Ò 
m H5SO4 ll 
o Nu 7 Me 
o © OH 
E nitronium ion 


The aromatic ring then functions as a nucleophile and 
attacks the nitronium ion. We will draw the attack 
occurring at the para position because the problem 
statement asked for a mechanism of formation of the 
major product (the para product predominates over the 
ortho product as a result of steric factors). The resulting 
intermediate sigma complex then loses a proton to 
restore aromaticity. Note that the signa complex is 
stabilized by the resonance effect of the ethoxy group, as 
shown in the fourth resonance structure: 
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OEt OEt 
HNO3, H5S0, 
» 28 NO; 
VN? 
od © HS -H 
No) 
© 
OEt OEt 
SN 
[e 
H NO; H NO; 
X OEt :OEt 7. 
e C 
<=_> 
® 
H NO» H NO, 


Water is the likely base for the final deprotonation step, 
since water is present (and there are no strong bases 
present in strongly acidic conditions). 


18.13. As shown below, attack at C4 or C6 produces a sigma complex in which two of the resonance structures have a 


positive charge directly adjacent to an electron-withdrawing group (NO2). 


These resonance structures are less 


contributing to the resonance hybrid, thereby destabilizing the sigma complex. In contrast, attack at C5 produces a 
sigma complex for which none of the resonance structures have a positive charge next to a nitro group. 


NO; NO» 
ATTACK 
AT C4 
— > 
© 
OoN ON 
H NO 
FA 2 
O=N=0 
& 
NO; NO; 
ATTACK 
AT C5 
——— 
Oo 
ON OP MSS ON $ | 
/7QG L 
NO; Ao NO; 
ATTACK 
\ © 
Cy O — ATC6 
d de 
ON ON 


NO» NO2 
(D 
A > " 
ON ON 
H NOs H NO; 
NO» NO3 
© e 
——À —— 
NO; ON NO; ON NO; 
H H 
NO; NO? 
H H H 
NOs NOs NO» 
X—— c 
9 
ON ON 
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Attack at C2 is identical to attack at C4 because the starting material has symmetry that renders C2 and C4 identical. 


18.14. The chlorine atom in chlorobenzene deactivates the ring relative to benzene. If benzene requires a Lewis acid 
for chlorination, than chlorobenzene should certainly require a Lewis acid for chlorination. 


18.15. Ortho attack and para attack are preferred because each of these pathways involves a sigma complex with four 
resonance structures (shown below). Attack at the meta position involves formation of a sigma complex with only 
three resonance structures, which is not as stable as a sigma complex with four resonance structures. The reaction will 
proceed more rapidly via the lower energy sigma complex, so attack takes place at the ortho and para positions in 
preference to the meta position. 


ORTHO 7 
ATTACK © 
Br Br Br :Br: Br 
345, M A HS © H H C y H 
CI—CI—AICl, CI Cl ei d 
SS = x= = 
[9] © 
META i ‘i 
ATTACK - 4 
Br Br Br Br 
© © 
ee uie & © 
=> => 
Cl cl Cl 
© H H H 
PARA 
ATTACK = - 
Br Br Br :Br: Br 
Ne o © Ce 
CI—CI— AICI, 
> => => => 
© © 
H CI H CI H cl H Cl 


18.16. 

(a) As seen in Table 18.1, the nitro is strongly deactivating and meta-directing. 

(b) As seen in Table 18.1, an acyl group is moderately deactivating and meta-directing. 

(c) As seen in Table 18.1, a bromine atom is weakly deactivating and ortho-para-directing. 

(d) This aromatic ring exhibits a C=N bond (a x bond to a heteroatom) conjugated to the ring and is therefore similar to 
a C=O bond that is conjugated to the ring. This group is moderately deactivating and meta-directing. 

(e) In this compound the carbonyl group of the ester is connected directly to the ring. As seen in Table 18.1, a carbonyl 
group is moderately deactivating and meta-directing. 

(f) As seen in Table 18.1, the oxygen atom of an ester (connected directly to an aromatic ring) is moderately activating 
and ortho-para-directing. 


18.17. There are two aromatic rings in the structure, but we are evaluating only the monosubstituted ring. Don’t be 
distracted by the size of the substituent connected to that ring. First check if there is a lone pair immediately adjacent to 
the ring. In this case, there isn’t one. The atom directly attached to the benzene ring is a carbon atom. 
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Next, check for a x bond to an electronegative atom, where the x bond is conjugated with the ring. The C=N bond is 
conjugated with the ring allowing for electron withdrawal via resonance, as shown here: 


We therefore expect the monosubstituted ring to be moderately deactivated. Note the effect of the substituent. The 
resonance structures indicate that the ortho and para positions should be electron-poor (ò+). We therefore predict those 
positions to be the least likely to react with an electrophile. The deactivating substituent is (as usual) a meta director. 


18.18. 

(a) The methyl group is weakly activating and the nitro 
groups are strongly deactivating. The directing effects 
are controlled by the most strongly activating group. 
Therefore, in this case, the methyl group controls the 
directing effects. As an activator, the methyl group is an 
ortho-para director. However, the two ortho positions 
are both already occupied (by the nitro groups). 
Therefore, an electrophilic aromatic substitution reaction 
is most likely to occur at the position that is para to the 
methyl group, shown here: 


CH, 
ON NO; 


[ 


(b) The methyl group is weakly activating and the nitro 
groups are strongly deactivating. The directing effects 
are controlled by the most strongly activating group. 
Therefore, in this case, the methyl group controls the 
directing effects. As an activator, the methyl group is an 
ortho-para director. However, the para position and one 
of the ortho positions are already occupied (by the nitro 
groups). Therefore, an electrophilic aromatic 
substitution reaction is most likely to occur at the 
position that is ortho to the methyl group, shown here: 


(c) This aromatic ring has three substituents. The methyl 
group is weakly activating. The other two groups are 
both esters, but they differ in the way they are connected 
to the ring. One group is moderately activating (the 
oxygen atom connected to the ring) and the other is 
moderately deactivating (the carbonyl group connected 


to the ring). The directing effects are controlled by the 
most strongly activating group. Therefore, in this case, 
the ester group (connected to the ring by its oxygen 
atom) controls the directing effects. As an activator, this 
group is an ortho-para director. However, the para 
position and one of the ortho positions are already 
occupied (by the other substituents). Therefore, an 
electrophilic aromatic substitution reaction is most likely 
to occur at the position that is ortho to the moderately 
activating group, shown here: 


Ay 


(d) The methyl groups are weakly activating and the 
cyano group is moderately deactivating. The directing 
effects are controlled by the most strongly activating 
group(s). Therefore, in this case, the methyl groups 
control the directing effects. Both of the methyl groups 
are directing to the same two locations (ortho and para 
to the methyl groups), shown here. 


CN 


dip di - 


These two locations are identical because of symmetry, 
so only one major product is expected. Don't be 
confused by the arbitrary location of the double bonds. 
Perhaps it is less distracting if we draw the structure like 
this: 

CN 


S 
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(e) This aromatic ring has three substituents. The methyl 
group is weakly activating. The carbonyl group (C=O) 
is moderately deactivating, and the amide group is 
moderately activating (see Table 18.1). The directing 
effects are controlled by the most strongly activating 
group. Therefore, in this case, the amide group controls 
the directing effects. As an activator, this group is an 
ortho-para director. However, one of the ortho positions 
is already occupied (by the methyl group). Therefore, an 
electrophilic aromatic substitution reaction is most likely 
to occur at the following positions, which are ortho and 
para to the amide group: 


| 
Y N 
ZA 


(0) 


Pus 


Note that each of the indicated positions is ortho to one 
substituent (and those substituents are similar in steric 
bulk). Thus, we don't expect steric considerations to play 
a significant role in differentiating these two positions. 
We will explore the impact of steric considerations in the 
section immediately following this SkillBuilder. 


(f) The directing effects are controlled by the most 
strongly activating group. Therefore, in this case, the 
OH group (a strong activator) controls the directing 
effects. As an activator, this group is an ortho-para 
director. However, the para position and one of the 
ortho positions are already occupied (by the other 
substituents). ^ Therefore, an electrophilic aromatic 
substitution reaction is most likely to occur at the 
position that is ortho to the OH group, shown here: 


Br OH 


N 


(g) The methyl groups are weakly activating and the 
bromo group is weakly deactivating. The directing 
effects are controlled by the most strongly activating 
group(s). Therefore, in this case, the methyl groups 
control the directing effects. Both of the methyl groups 
are directing to the same two locations (ortho and para 
to the methyl groups), shown here. 


Br 


id 


These two locations are identical because of symmetry, 
so there is only one major product expected. Don't be 
confused by the arbitrary location of the double bonds. 
It may be less distracting if we draw the structure like 
this: 

Br 


SS 


(h) The directing effects are controlled by the most 
strongly activating group. Therefore, in this case, the 
OH group (a strong activator) controls the directing 
effects (rather than the methoxy group, which is only a 
moderate activator). As an activator, the OH group is an 
ortho-para director. However, the para position and one 
of the ortho positions are already occupied (by the other 
substituents). Therefore, an electrophilic aromatic 
substitution reaction is most likely to occur at the 
position that is ortho to the OH group, shown here: 


OMe 
HO 


(i) This ring has four substituents (two electron-donating 
alkyl groups and two electron-withdrawing carbonyl 
groups). The directing effects are controlled by the most 
strongly activating group(s), but in this case, all four 
substituents are directing to the same location (ortho to 
the alkyl substituents), shown here. 


(0) (0) 


| 


18.19. Begin by identifying the effect of each group on 
the aromatic ring. 


Strong 
NF activator 
Strong 
NO2 Jeactivator 
Weak F 
deactivator 


The most powerful activator will dominate the directing 
effects. In this case the NH2 group is the strongest 
activator so we consider the positions that are ortho and 
para to the NH» group. 


ortho NH; 


ES d 


ortho 


NO? 


para v F 


The para position is already occupied by F. There are 
two positions that are ortho to the NH» group, and both 
are available. Therefore, we expect that the reaction 
should occur primarily at these two positions: 


ortho NH2 


Sa i 


ortho 


NO? 
F 


However, we will soon see (immediately after this 
SkillBuilder) that the ortho position on the left is more 
accessible for steric reasons, so substitution at this 
position leads to the major product. 


NH3 
Most 
reactive c> 
position 
NO; 
F 


18.20. 

(a) The directing effects are controlled by the most 
strongly activating group. Therefore, in this case, the 
OH group (a strong activator) controls the directing 
effects. As an activator, the OH group is an ortho-para 
director. However, the para position is already occupied 
(by the methyl group). Therefore, an electrophilic 
aromatic substitution reaction should occur at an ortho 
position. Among the two ortho positions, one of them 
(top) is sterically hindered and we do not expect the 
reaction to occur at that location. Therefore, the reaction 
is most likely to occur at the following position: 


Sterically 
hindered 


Reaction we 


occurs here 


2 


(b) The directing effects are controlled by the most 
strongly activating group. Therefore, in this case, the 
methoxy group (a moderate activator) controls the 
directing effects. As an activator, the methoxy group is 
an ortho-para director. However, the para position is 
already occupied (by the bromine atom). Therefore, an 
electrophilic aromatic substitution reaction should occur 
at an ortho position. Among the two ortho positions, one 
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of them (top) is sterically hindered and we do not expect 
the reaction to occur at that location. Therefore, the 
reaction is most likely to occur at the following position: 


Sterically 
hindered 
O-N OMe 


Br Ry Reaction 


occurs here 


(c) This aromatic ring lacks an activating substituent. 
Both substituents are deactivators, and they are 
competing with each other (each group directs to the 
positions that are meta to itself). So electronically, the 
four aromatic positions are equally likely to undergo an 
electrophilic aromatic substitution reaction. The 
positions are differentiated from each other when we 
consider steric effects. The larger group (left) is more 
sterically bulky, and therefore blocks the positions 
closest to it. The reaction therefore occurs primarily 
ortho to the aldehyde group. 


|? 


[9] 


The two positions ortho to the aldehyde are identical 
because of symmetry, so a single major product is 
expected. 


(d) The directing effects are controlled by the most 
strongly activating group(s). Therefore, in this case, the 
OH groups (strong activators) control the directing 
effects. However, each OH group directs to different 
locations (ortho and para to itself), so all available 
positions are activated. To differentiate between them, 
we note that the following position is too sterically 
hindered for a reaction to occur at this location: 


OH Too sterically 
HO 2 hindered 


Among the other two locations, one of them is more 
sterically accessible than the other (being ortho to an OH 
group, as opposed to being ortho to a more bulky sec- 
butyl group), so the reaction is expected to occur at this 
location: 

OH 


HO 


c 
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18.21. As mentioned in the problem statement, the benzene ring has two substituents. One is an alkoxy group, and the 
other is a heterocyclic substituent (it contains nitrogen atoms incorporated in rings): 


Alkoxy 


substituent O Heterocyclic 


substituent 


Let’s begin with the ethoxy group. With its lone pairs on oxygen, the ethoxy group is a moderate activator capable of 
donating electrons toward the ring, as expected for an alkoxy substituent: 


The heterocyclic substituent contains a m-bond conjugated with the benzene ring which can withdraw electron density 
from the ring via resonance: 


This makes the heterocycle a moderate deactivator. 
Recall that the most powerful activator will dominate the directing effects, so we must consider the positions that are 
ortho and para to the ethoxy group (highlighted): 


Hy 
ac N 


One of these positions is already occupied, leaving only two choices. Since the ortho position is more sterically 
hindered by the ethoxy substituent than the para position, we expect substitution to take place primarily at the para 
position. Though the conditions for this reaction are new, the resulting electrophilic aromatic substitution is similar to 
the reactions we have encountered. Specifically, the site of attack exchanges its proton for the electrophilic group, in 
this case -SO»CI. Substitution occurs to afford the following product: 


SOCI 


18.22. 

(a) This aromatic ring has only one substituent (an alkyl 
group). Alkyl groups are weak activators and therefore 
ortho-para directors. An isopropyl group is sterically 
bulky, and we therefore expect a nitration reaction to 
occur predominantly at the para position. In order to 
install a nitro group at the ortho position, a blocking 
group will be required. 


(b) This aromatic ring has only one substituent (an alkyl 
group). Alkyl groups are weak activators and therefore 
ortho-para directors. An isopropyl group is sterically 
bulky, and we therefore expect a bromination reaction to 
occur predominantly at the para position. Therefore, a 
blocking group is not required. Direct bromination will 
give primarily the desired product. 


(c) The aromatic ring has two substituents: an amino 
group and a carbonyl group. The former is a strong 
activator and the latter is a moderate deactivator. The 
directing effects are typically controlled by the activating 
group, but in this case, both substituents direct to the 
same positions. As an activator, the amino group is an 
ortho-para director. However, one of the ortho positions 
is already occupied (by the other substituent). Therefore, 
there are only two locations where bromination can 
occur (ortho or para to the amino group): 


1 
39 
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Among these two locations, one of them (top) is more 
sterically hindered than the other. Bromination is 
therefore expected to occur at the location that is more 
sterically accessible. 


Pu 


In order to install the bromine atom at the other location 
(ortho rather than para) a blocking group will be 
required. 


(0) 


(d) The directing effects for the desired nitration process 
are controlled by the most strongly activating group. 
Therefore, in this case, the OH group (a strong activator) 
controls the directing effects. As an activator, this group 
is an ortho-para director. However, one of the ortho 
positions is already occupied (by a methyl group). This 
leaves only two locations where the reaction can occur: 


ot 
A. 


One of these locations (bottom right) is more accessible 
than the other, and this is exactly the position where a 
nitro group must be installed. Therefore, a blocking 
group will not be required. 


18.23. Analyze the starting material. The OH group is a strong activator and an ortho-para director. Indeed, it is such a 
strong activator that bromination conditions will likely give a tribrominated product (with bromination occurring at the 
para position and both ortho positions), even at room temperature. Also, even if monobromination could be carried out 
cleanly, the product mixture would likely contain only some of the more sterically hindered (desired) product along 
with a substantial amount of the para isomer that would likely be the major product. Our strategy will be to block 
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some reactive positions, brominate, and then unblock. As we have seen, reactive positions can be blocked via 
sulfonation, as shown here: 


$O3H 
OH . OH OH 
or conc. fuming D 
+ 
H5SO 
MEUM HOS 
$O3H 
. OH 
conc. fuming 
H5S04 


HOS 


The first sulfonic acid group is installed quickly, and it deactivates the ring somewhat, so the second sulfonation is 
expected to occur more slowly (and possibly require a higher temperature). A third sulfonation would require an even 
higher temperature, so there is likely an optimum temperature at which the disulfonated product can be obtained in high 
yield (and indeed, this is the case!). The regiochemistry of the second sulfonation is controlled by the ortho-para- 
directing effect of the OH group (although the meta-directing SO3H group also directs to the same location). This 
double blocking can be carried out in one synthetic step with excess fuming sulfuric acid, but is shown stepwise above 
for clarity. 

Bromination at the only remaining reactive site, followed by desulfonation to remove the two blocking groups, yields 
the desired product: 


SO3H SO3H 


OH OH : OH 
Bro Dilute H2SO4 
——— Js 
FeBr3 
HO23S Br Br 


HO3S 


18.24. 
(a) The aromatic ring will undergo chlorination upon 
treatment with molecular chlorine (Cl?) and a Lewis acid 


(AICI). 
cI 
Oa Ch ACh » 


(b) The aromatic ring will undergo nitration upon 
treatment with a mixture of nitric acid and sulfuric acid. 


NO» 
er _HNO3, H804 Ò 


(c) The aromatic ring will undergo bromination upon 
treatment with molecular bromine (Br2) and a Lewis acid 
(AIBrs or FeBrs). 


Br 
O Bro, Al Bra AlB » 


(d) The aromatic ring will undergo a Friedel-Crafts 
alkylation upon treatment with ethyl chloride and a 
Lewis acid (AICL), to give ethylbenzene. 


© CH3CH2CI, AlCl on 
————————— 


(e) A propyl group cannot be installed via a Friedel- 
Crafts alkylation, as a carbocation rearrangement is 
likely to occur. In order to install a propyl group 
(without rearrangement), we can first perform a Friedel- 
Crafts acylation, followed by a Clemmensen reduction, 
as shown: 


1) CH3CH;COCI 
AlCls 


2) HCI, Zn(Hg), heat 


po Zn(Hg), 
heat 


CH3CHCOCI 
AlCl 


(f) An isopropyl group can be installed via a Friedel- 
Crafts alkylation in which isopropyl chloride is used as 
the alkyl halide: 


» 


Notice that we use isopropyl chloride to install an 
isopropyl group, rather than using n-propyl chloride and 
relying on a carbocation rearrangement (which would be 
inefficient because it would likely yield a mixture of 
products). 


(CH3),CHCI 
AICI, 


(g) We did not learn a one-step method for installing an 
amino group on an aromatic ring, but we did learn a two- 
step method for achieving that transformation. 
Specifically, we first install a nitro group, and then we 
reduce the nitro group to an amino group, as shown here: 


1) HNO3, H2SO4 
> 
2) Zn, HCI 


3) NaOH 


NH» 


NO; 


HNO;, 
H2504 


1} Zn, HCI 
2) NaOH 


(h) We did not learn a one-step method for installing a 
carboxylic acid group on an aromatic ring, but we did 
learn a multi-step method for achieving that 
transformation. Specifically, we first install a methyl 
group, and then we oxidize the methyl group to give the 
desired product: 


O~ LOH 
1) CHCI, AICI; 
2) KMnO,, H20, heat 
3) HO* 
1) KMnO4, 
CH3Cl, H2O, heat 
AICi 2) H30" 


(i) The aromatic ring will undergo a Friedel-Crafts 
alkylation upon treatment with methyl chloride and a 
Lewis acid (AICI5), to give toluene. 


O CHCl, AlCl 
—— 
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18.25. 

(a) These reagents will install a sulfonic acid group on 
the aromatic ring (a process called sulfonation), giving 
benzenesulfonic acid: 


(b) These reagents will install a nitro group on the 
aromatic ring (a process called nitration), giving 
nitrobenzene: 

NO; 


(c) These reagents will install a chlorine atom on the 
aromatic ring (a process called chlorination), giving 
chlorobenzene: 

CI 


(d) These reagents will install an ethyl group on the 
aromatic ring (via a Friedel-Crafts alkylation), giving 
ethylbenzene: 


(e) These reagents will install a bromine atom on the 
aromatic ring (a process called bromination), giving 
bromobenzene: 

Br 


(f) These reagents will achieve the installation of a nitro 
group on the aromatic ring, followed by reduction of the 
nitro group to give aminobenzene (also called aniline): 


NH2 


18.26. 

(a) Installation of the amino group requires a two-step 
process (nitration, followed by reduction), while 
installation of the bromine atom can be achieved in just 
one step. Therefore, our synthesis must have at least 
those three steps. 


Now let's consider the order of events. These two 
groups must be installed in an ortho fashion. Both 
groups are ortho-para directing, so we could 


theoretically install either one first, and then use a 
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blocking technique to install the second group in the 
correct location (ortho, rather than para). However, if 
we install the amino group first, there is a concern of 
polybromination, since aminobenzene (also called 
aniline) is highly activated. To avoid this problem, we 
first install the bromine atom (which does not activate 
the ring). Then, we perform a sulfonation to block the 
para position. Nitration then installs the nitro group in 
the desired location (ortho). Then, after removing the 
blocking group, the nitro group is reduced to give the 


desired product. 
Br 
© “O 


1) Bro, AlBr3 

2) Fuming H2804 
3) HNO;, H2SO4 
4) dilute H2504 


5) Zn, HCI 
6) NaOH 
Brz, AIBrs 1) Zn, HCI 
2) NaOH 
Br Br 
d 
A 
Fuming H5SO4 dilute 
Y H5SO, 
Br 
ON 
HNOs, 
H5SO4 
SO3H SO3H 


(b) Installation of the nitro group can be achieved in just 
one step (nitration), and installation of the chlorine atom 
can also be achieved in just one step. 

Now let’s consider the order of events. These two 
groups must be installed in a meta fashion. Only the 
nitro group is a meta director, so it must be installed first, 
followed by chlorination in the presence of a Lewis acid. 


HNO3, T 
H2804 Ch, AlCh 


(c) Installation of the amino group requires a two-step 
process (nitration, followed by reduction), and 
installation of the propyl group also requires a two-step 
process (Friedel-Crafts acylation, followed by 
Clemmensen reduction), because direct alkylation would 
result in a mixture of products (due to carbocation 
rearrangements). 


1) HNO3, HaSO4 
2) Ch, AlCl 


Now let's consider the order of events. These two 
groups must be installed in a para fashion. Both groups 
are ortho-para directors, so we might think that either 
group could be installed first. However, to favor the 
para product over the ortho product, we must capitalize 
on the steric bulk of the propyl group. That is, we install 
the propyl group first, followed by installation of the 
amino group. Also, the amino group is too highly 
activating and cannot be installed first. 


TH ze 


1) Zn, HCl 
2) NaOH 


[e 
HCl, Zn(Hg), a= 
heat 294 


(d) Installation of the amino group requires a two-step 
process (nitration, followed by reduction), while 
installation of the chlorine atom can be achieved in just 
one step. 

Now let’s consider the order of events. These two 
groups must be installed in a meta fashion, but both 
groups are ortho-para directors. Installation of these two 
groups (in either order) does not appear to give the 
desired meta substitution pattern. However, recall that 
installation of the amino group requires two steps. The 
first step is nitration, and a nitro group is a meta-director. 
So, we can achieve the desired transformation by 
performing the chlorination process after the nitration 
process but before the reduction process, as shown here: 


1) CH3CH2COCI, 
AlCl, 
-— —À 
2) HCl, Zn(Hg), 
heat 
3) HNO3, H2SO4 


4) Zn, HCl 
5) NaOH 


CH3CH;COCI, 
AlCl 


OR 


NH2 

1) HNO3, H2504 

2) Ch, AlCl 

3) Zn, HCI 

4) NaOH cl 
HNOs, 1) Zn, HCI 
H2504 2) NaOH 

NO; NO; 
Ch, AlCl 


Cl 


(e) Installation of the tribromomethyl group requires a 
two-step process (Friedel-Crafts alkylation, followed by 
benzylic bromination), while installation of the bromine 
atom can be achieved in just one step. 

Now let’s consider the order of events. These two 
groups must be installed in a meta fashion. Only the 
tribromomethyl group is a meta director, so it must be 
installed first (via the required two-step process), 
followed by bromination in the presence of a Lewis acid: 


1) CHCI, AICI, ai CBI 
© 2) excess NBS, heat Ly 
3) Bra, AlBrs 
onor ACh m AIBrs 


CH3 CBra 
Cy excess NBS, heat Cy 


(f) Installation of the tribromomethyl group requires a 
two-step process (Friedel-Crafts alkylation, followed by 
benzylic bromination), while installation of the bromine 
atom can be achieved in just one step. 

Now let’s consider the order of events. These two 
groups must be installed in a para fashion. Only the 
bromo group is an ortho-para director, so we install that 
group first, followed by installation of the 
tribromomethyl group (which requires two steps), as 


shown: 
Br 

1) Bro, AIBr3 
2) CHCl, AICI; 
3) excess NBS, Br3C 

heat NBS 

excess ; 
Bro, AlBr3 heat 


B B 
Cy d CHsCI, AlCl Kx t 
a 
H3C 


(g) This aromatic ring has two substituents, both of 
which are alkyl groups, although only the methyl group 
can be installed via a Friedel-Crafts alkylation process. 
The other alkyl group must be installed via a two-step 
process (Friedel-Crafts acylation, followed by 
Clemmensen reduction), because direct alkylation would 
result in a mixture of products (due to carbocation 
rearrangements). 


3 


Now let's consider the order of events. These two 
groups must be installed in an ortho fashion. Both 
groups are ortho-para directing, so we could 


theoretically install either one first, and then use a 
blocking technique to install the second group in the 
desired location (ortho, rather than para). However, if 
we install the methyl group first, then subsequent 
sulfonation is likely to produce a mixture of ortho and 
para products, since the methyl group is not very 
sterically demanding. To circumvent this lack of 
regiochemical control, it is best to install the bulky alkyl 
group first (using a Friedel-Crafts acylation, followed by 
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E 


Dilute H2504 


a Clemmensen reduction), and then continue with a 
sulfonation step. This provides for much better 
selectivity during the sulfonation step, and therefore, a 
better yield of the final product. 
[9] 
a 
1) AICls, 
2) HCI, Zn(Hg), heat 
3) Fuming H2SO, 
4) CHCl, AlCl, 
5) Dilute H2804 
[9] 
AlCls, M UY 
[E Zn(Hg), heat 
Fuming - 
meme 
(h) Installation of the nitro group can be achieved in just 
one step (nitration), and installation of the isopropyl 
group can also be achieved in just one step (Friedel- 
Crafts alkylation with isopropyl chloride and aluminum 
trichloride). 
Now let's consider the order of events. These two 
groups must be installed in an ortho fashion. Only the 
alkyl group is an ortho-para director, so it must be 
installed first. Then, in order to install a nitro group in 
the ortho position (rather than the para position), a 
blocking group must be used. After the blocking group 
is installed, nitration will install a nitro group in the 
desired location. Desulfonation then affords the desired 
product. 


1) (CH39CHCI, AlCls 
2) Fuming H2504 
a 
3) HNO3, H2804 
4) Dilute H»SO4 NO3 


[onorar AICls [ise H5SO4 


HOsS NO; 
Fuming HNOs, 
H2804 H5SO4 
Leu 
HOsS 
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(i) Installation of the propyl group requires a two-step 
process (Friedel-Crafts acylation, followed by 
Clemmensen reduction), because direct alkylation would 
result in a mixture of products (due to carbocation 
rearrangements). Installation of the chlorine atom can be 
achieved in just one step. 

Now let’s consider the order of events. These two 
groups must be installed in a meta fashion, but both 
groups are ortho-para directors. Installation of these two 
groups (in either order) does not appear to give the 
desired meta substitution pattern. However, as 
mentioned above, installation of the propyl group 
requires two steps. The first step is acylation, and the 
resulting acyl group is a meta-director. So, we can 
achieve the desired transformation by performing the 
chlorination process after the acylation process but 
before the reduction process, as shown here: 


1) CH3CHCOCI, 


Cl 
AIClg 
2) Clo, AICI; 
3) HCI, Zn(Hg), heat 
CH3CH2COCI, HCI, Zn(Hg), 
AlCls heat 
Clo, AlCl el 
— 


(j) Installation of each propyl group requires a two-step 
process (Friedel-Crafts acylation, followed by 


Clemmensen reduction), because direct alkylation would 
result in a mixture of products (due to carbocation 
rearrangements). These two groups must be installed in 
a para fashion. Propyl groups are ortho-para directors, 
and their steric bulk is expected to cause a preference for 
para-substitution. So we simply install one propyl group 
(via Friedel-Crafts acylation followed by reduction), 
followed by the second propyl group, as shown here: 


Osis O 


CH3CH,COCI, ee ae) 
AIC pa 


TT 


1) CH3CH2COCI, 
AlCls 

2) HCl, Zn(Hg), 
heat 

3) CH,CH;COCI, CH3CH5COCI, 
AlCl; 

4) HCI, Zn(Hg), 
heat 


HCI, Zn(Hg), 
heat 


AlCls 


18.27. The synthesis of 2-nitroaniline from benzene requires the installation of a nitro group and an amino group on a 


benzene ring. The nitro group can be installed in one step, 


NO; 
(3 HNO3, H2S0, O 
——,_ > 


while installation of the amino group can be achieved in two steps (nitration followed by reduction), as shown: 


NO; 
CO HNO3, H2504 O 
—— r 


1) Fe or Zn, HCI 
2) NaOH 


CY 


Notice that each of these groups is installed via nitration of benzene, so nitration must be the first step of the synthesis. 
We must therefore decide whether to perform the second nitration before or after the reduction. Consider what will 
happen if the second nitration is attempted before the reduction. Since the existing nitro group is meta-directing, the 
1,3-regioisomer will be produced, leading to 3-nitroaniline as the product. Additionally, the subsequent reduction may 


affect either one or both of the nitro groups. 
NO; NO» 
DH Feorzn, HCI or Zn , HCI 
+ 
Nao 
NH» 


NH» 
HNO; © 


HO. 


HNO; 
gU 


NH5 


wrong regioisomer wrong regioisomer, 


possible mixture of products 
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Now consider what will happen if the reduction is performed before the second nitration. The reduction will likely 
proceed smoothly; however, the following nitration step will be problematic. Under the acidic conditions employed 
during nitration, the amino group (an ortho/para-directing group) will be protonated to give an ammonium group, 


which is a meta-directing group. 
outcome 


18.28. 

(a) The following retrosynthetic analysis represents one 
strategy for preparing the desired compound. An 
explanation of each of the steps (a-c) follows. 


HO = OH 
Oo --9 


a. The target molecule can be prepared via 
bromination of the disubstituted ring shown. 

b. The disubstituted ring can be prepared via a 
Friedel-Crafts acylation. 

c. The monosubstituted ring (isopropylbenzene) can 
be prepared via a Friedel-Crafts alkylation. 


Now, let's draw the forward scheme. First, an isopropyl 
group is installed via a Friedel-Crafts alkylation. Then, 
an acyl group is installed via a Friedel-Crafts acylation. 
During this acylation step, the isopropyl group directs 
the incoming acyl group into the para position. And 
finally, bromination will install the bromine atom in the 
correct location (ortho to the isopropyl group). 
AlCl 


3) Bro, AlBr 


(CH4;CHCI, 
AlCl 


Br. 
1) (CH3CHCI, 


AlCl 
2) CH3COCI, 


Bro, AIBrs 


CH,COCI, 
| z O 


This strategy represents just one method for making the 
desired the compound. There are often other acceptable 
solutions. For example, after installation of the isopropyl 
group, the acyl group and the bromo group can be 


Therefore, nitration of aniline is not expected to give the desired regiochemical 


installed in the opposite order (first the bromo group and 
then the acyl group), although this would require a 
blocking group (to help direct the incoming bromo group 
into the ortho position). The first method (shown above) 
avoids the need for a blocking group. 


(b) The following retrosynthetic analysis represents one 
strategy for preparing the desired compound. An 
explanation of each of the steps (a-d) follows. 


a. The target molecule can be prepared via 
reduction of a nitro group. 

b. The bromo group can be installed in the correct 
location based on the directing effects of the 
propyl group. 

c. The nitro group is installed in the para position 
via nitration. 

d. A propyl group is installed onto the ring via 
Friedel-Crafts acylation, followed by reduction. 


Now, let's draw the forward scheme. First, a propyl 
group is installed via a Friedel-Crafts acylation, followed 
by a Clemmensen reduction. This transformation could 
not have been achieved via direct alkylation (due to the 
problem of carbocation rearrangements). Then, a nitro 
group is installed in the para position because of the 
directing effects (and steric effects) of the propyl group. 
Bromination then installs the bromine atom in the correct 
location (ortho to the activating group), and finally, 
reduction of the nitro group gives the product. 
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1) CH3CH2COCI, 
AlCls 
2) HCI, Zn(Hg), 
heat 
O 3) HNO3, H2504 
4) Br», AIBrs 
5) Zn, HCI 
6) NaOH 
1) CH3CH2COCI, 1) Zn, HCI 
AlCls 2) NaOH 
2) HCI, Zn(Hg), 
heat 
"e 


Bro, 


HNOs, ow 
H»SO4 ro AIBrs 


The strategy above represents just one method for 
making the desired the compound. There are often other 
acceptable solutions. For example, the nitro group and 
the bromo group can be installed in the opposite order 
(first the bromo group and then the nitro group), 
although this would require a blocking group (to help 
direct the incoming bromo group into the ortho position). 
The first method (shown above) avoids the need for a 
blocking group. 


(c) While there is more than one way to achieve the 
desired transformation, the following strategy is perhaps 
the most efficient, as it avoids the need for a blocking 
group. The tert-butyl group is first installed, and its 
directing effects are exploited to install an amino group 
in the para position (installation of the amino group 
requires a two-step process — nitration, followed by 
reduction). Finally, chlorination in the presence of 
excess Cl gives the desired product (AlCl; is not used 
because the ring is highly activated). The regiochemical 
outcome of the final step is controlled by the electronic 
effects of the amino group (in concert with the steric 
effects of the tert-butyl group). 
Cl 
1) (CH3)3CCI, AlCl NH3 


2) HNO3, H2SO4 

————— 

3) Zn, HCI 

4) NaOH el 
5) excess Cl; 


(CH3)3CCI, AICI excess Cl 


1) HNOs, NH; 
H5S04 
OO 


2) Zn, HCI 
3) NaOH 


(d) The following retrosynthetic analysis represents one 
strategy for preparing the desired compound. An 
explanation of each of the steps (a-c) follows. 


CI 


Br Br 
a 
TX 
SO3H SO3H 


lj? 
a. The target molecule can be prepared via 
chlorination of the disubstituted ring shown. 
b. The disubstituted ring can be prepared via 
sulfonation. 


c. The monosubstituted ring (bromobenzene) can be 
prepared from benzene. 


e 


Now, let's draw the forward scheme. First, a bromine 
atom is installed via bromination in the presence of a 
Lewis acid. Then, a sulfonic acid group is installed. 
During this sulfonation step, the bromine atom directs 
the incoming sulfonic acid group into the para position. 
And finally, chlorination will install the bromine atom in 
the correct location (ortho to the ortho-para directing 
bromine atom). 


Cl 
Br 
v 1) Bro, AIBra 
<< > 
2) Fuming H2504 
3) Ch, AICl, SO3H 
Bro, AIBrs Cb AlCls 


Br Br 
Cy Fuming H»SO, Oh 
————M» 
SO3H 
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18.29. This transformation requires the installation of two groups, highlighted here: 


CF; 

N 

2! OX re) 
Nc 
H 


We begin by considering which of these two groups should be installed last. The nitro group is an electron- 
withdrawing substituent and a meta director. The amide group is an electron-donating substituent and an ortho-para 
director. Therefore, it makes sense for the last step of our synthesis to be nitration: 


CF3 CF3 
2N 
(0) (0) 
(bl A 
i i 
H H 
In this way, the amide group directs the final nitration step to occur in the desired location (para to the large amide 
group): 
CFs 
OoN 
HNO; (0) 
"H0, — 
l 
H 


Continuing the retrosynthetic analysis, the amide group can be prepared from the corresponding aniline derivative 
which, in turn, can be made from reduction of a nitro group, as shown here: 


CF; CF; CF; CF; 
o 
A = ol = A = » 
my NH; NO; 
H 


In summary, our forward synthesis has the following sequence of events. 


CF; 
_HNO3 {Zn HCL 
Say ,BNoH 7 NaOH LA 


CF; 
ON o HNO3 
H2504 
l 
H 
18.30. The ring contains a nitro group, as well as two aromatic substitution reaction can occur, but only if the 
leaving groups (chloride and bromide), and the reagent is leaving group is ortho or para to the nitro group. The 


a strong base (methoxide). As such, a nucleophilic bromine atom is meta to the nitro group, so the reaction 
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does not occur there. Instead, chloride functions as the 
leaving group, because it is para to the nitro group. 


CI OCH3 
Br Br 


NO2 NO» 


18.31. This transformation involves the installation of 
two groups: NH» and OH. Thus far, we have only seen 
one way (SnAr) to install an OH group on an aromatic 
ring (we will see one other way in Section 18.14, and yet 
another method in Chapter 22). In order to install an OH 
group via an SwAr reaction, the ring must exhibit both a 
leaving group and a nitro group that is positioned ortho 
or para to the leaving group. The para derivative shown 
here would thus be suitable for this synthesis: 


can be displaced can be reduced 
by an OH group to an amino group 


The chlorine atom can be replaced with an OH group, 
and the nitro group can be reduced to an amino group, 
and the key intermediate above can be made in just two 
steps (chlorination, followed by nitration) 

The entire synthesis is shown below. Benzene is first 
treated with chlorine in the presence of a Lewis acid to 
give chlorobenzene, which is then treated with sulfuric 
acid and nitric acid, to nitrate the ring in the para 
position. The chlorine atom is then replaced with an OH 
group upon treatment with hydroxide and heat (SNAr), 
followed by aqueous acid workup. Reduction of the 
nitro group affords the desired target molecule. 


1) Cl, AICl, 
2) HNO3, H5SO4 
€ 3) NaOH, heat > "O (C Y ne 
4) HO* 
5) Zn, HCI 
cb, 9) NaOH 1) Zn, HCI 
AlCl 2) NaOH 


18.32. 

(a) Each additional nitro group serves as a reservoir of 
electron density and provides for an additional resonance 
structure in the Meisenheimer complex, thereby 
stabilizing the Meisenheimer complex and lowering the 
energy of activation for the reaction. 

(b) No, a fourth nitro group would not be ortho or para 
to the leaving group, and would not provide additional 
delocalization of the charge in the Meisenheimer 
complex. Therefore, we do not expect the temperature 
requirement to be significantly lowered. 


18.33. The starting material is 4-chloro-2-methyl- 
toluene, shown here: 


4 


Cl 
Upon treatment with sodium amide (NaNH2), two 
possible benzyne intermediates can form: 


Then, for each of these benzyne intermediates, the amide 
ion can attack either side of the triple bond, which means 
that the NH» group is ultimately positioned at either C3, 
C4, or C5. Substitution at C4 yields the same product as 
substitution at C5 (because of symmetry), giving rise to 
only two products (rather than three): 


. i 
NH2 
NH2 


18.34. We have not yet seen a direct method for 
installing a methoxy group on an aromatic ring, however, 
we have seen a way to install an OH group (via 
chlorination, followed by elimination-addition). A 
Williamson ether synthesis can then be used to methylate 
the oxygen atom, giving the desired target molecule. 


1) Ch, AICI; 
> OCH; 
2) NaOH, 350°C 
3) CHgl 
Ch, AlCl 


CHI 


NaOH, 350°C 
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18.35. 

(a) The reagent is hydroxide, which is both a strong nucleophile and a strong base. However, the three criteria for 
SnAr are not met (the aromatic ring lacks a nitro group), and therefore, the reaction must occur via an elimination- 
addition mechanism (as seen in Mechanism 18.9). The elimination-addition mechanism is also indicated by the high 


temperature (350°C). 
4 
(fs : E ($ > Yon 


OH 


Br 
C 


Under the basic conditions employed, the resulting product (phenol) is deprotonated to give a phenolate ion: 


„H me. 
iS d :0: 
ol | 
:OH 
———- 


This is why aqueous acid must be introduced into the reaction flask after the reaction is complete, in order to serve as a 


proton source to regenerate phenol: 
:0: H OH 
Ò e È 
rr 


(b) These reagents provide a powerful electrophile, so the reaction must be an electrophilic aromatic substitution 
reaction. The first step of an electrophilic aromatic substitution reaction is formation of the electrophile that will react 
with the aromatic ring. This occurs when molecular bromine interacts with the Lewis acid to form a complex: 


(^ "FeBrs o O 
Br—Br: = =  Br—Br—FeBr3 


Then, one of the rings attacks the complex to give a resonance stabilized intermediate (a sigma complex), which then 
loses a proton to restore aromaticity (electrophilic aromatic substitution): 


fg cw NE O ng H e 


H 
— P p. d 


B B Aa a " 
d di r raFe —Br ds A Br 
® Ó 


+ FeBra + HBr 
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(c) The reagent (sodium amide) is a powerful nucleophile, and the three criteria for SNAr are met (a nitro group and a 
leaving group that are para to each other), so we expect an SNAr mechanism. In an SnAr reaction, the first step 
involves the nucleophile attacking the aromatic ring to generate a resonance-stabilized intermediate (a Meisenheimer 
complex). Loss of a leaving group then gives the product, as shown: 


I NH» 
© 
NaNH; 
saa 
ZN. E 
070°? ose 
\ NH> p 
I NH I. NH I. NH 12 NH 
9 © 
e re (IP REM D RS 
G G ^ dm o 
N, -N XN. ONIN. 
076-0" o*870? 07870? 10870? 


18.36. The reagent (hydroxide) is a strong nucleophile and a strong base, and the three criteria for SNAr are not met 
(the aromatic ring does not have a nitro group), so we expect an elimination-addition reaction. Upon treatment with 
sodium hydroxide, two possible benzyne intermediates are initially formed: 


— 6-0 


Then, for each of these benzyne intermediates, the hydroxide ion can attack either side of the triple bond, which means 
that the OH group is ultimately positioned at either C4, C5, or C6, giving rise to the following three products. Note that 
the second product can be made from either benzyne intermediate. 


1) NaOH, 350*C 
= HO + + 
2) H30* 
HO OH 


Cl 
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18.37. 

(a) First look at the reagents. Both the acid chloride and SnCl, are electrophiles, so we can rule out SnAr and 
elimination-addition. Additionally, the reaction involves the substitution of an H in an aromatic ring (pyrrole) with 
another group so this must be an electrophilic aromatic substitution. Since a methyl ketone results from the 
substitution, this is a Friedel-Crafts acylation. 

Since the reaction is an electrophilic aromatic substitution, the intermediate formed must have a positive charge, as 
shown below. 


(b) The Friedel-Crafts acylation first involves the formation of an acylium ion when the acid chloride displaces a 
chloride anion from the Lewis acid followed by the loss of SnCl4 leaving group. 


CES RO kx 
6 9 i el^ oe 


:Cl CHa * cl-sn—cl\ “cH; ^ ^ Sneh + G 
os ERE | 
Cl CH3 
Acylium ion 


(©) 
+ Cl 


Alternatively, the formation of the acylium could be drawn using a stepwise addition-elimination mechanism where the 
tin atom becomes pentavalent (which is reasonable for an element which is in the 5th row of the periodic table) and 
then loses a chloride: 


CI 


CI— Sn—CI e. RC 
[9] oO O (©) 
| © » o 
fs $9 CI -¢Cl Cl 
Cl [o] © JU 
AR Cl. | Z l 
JA. xe LA on, X 


iei OCh = sie *ddseHCGLA ONE oS G 
x Gi ó Cha 
Acylium ion 


This acylium ion is then attacked by the pyrrole ring to form a sigma complex: 


e = 
95 
i9) 
Br S Br p 
| 
N CH3 CH3 
N NO 
\ \ 
H H 


(c) Friedel-Crafts reactions frequently fail when amines are present due to the reaction of the nucleophilic amine and 
the Lewis acid. Since the lone pair of the nitrogen is part of an aromatic system (delocalized by resonance), it does not 
react with the Lewis acid. 
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18.38. The reagents for these reactions can be found in the Review of Reactions at the end of the chapter. They are 
shown again here: 


HCl, Zn(Hg}, heat 


OH 


ò 
1) KMnO4, H20, heat 
ee 
2) H30* 


excess NBS 
heat 


> 


2) NaOH 


CI 
AlCl, 
Br 
Bro 
AIBr3 


18.39. Alkyl groups are activating while halogens are deactivating toward electrophilic aromatic substitution. As 
such, the compound with two alkyl groups will be the most activated toward electrophilic aromatic substitution, while 
the compound with two halogens will be the least activated: 


Increasing Reactivity toward Electrophilic Aromatic Substitution 


18.40. A nitro group is a strong deactivator. Therefore, 
among the four compounds, nitrobenzene is the least 
activated toward electrophilic aromatic substitution. The 
most activated ring is the one that exhibits two activators 
(OH and OMe). 


NO, HO OMe 


least activated most activated 
18.41. 
(a) The reagents indicate a nitration reaction, so we 
must decide where the nitro group will be installed. The 
aromatic ring has one substituent (Br) which is an ortho- 
para director, so we expect nitration to occur at the ortho 
and para positions. Because of the size of the bromine 
atom, the para product is expected to predominate (a 
steric effect). 

NO; 


Br Br 


O2N 
Major Minor 

(b) The reagents indicate a nitration reaction, so we must 
decide where the nitro group will be installed. The 
aromatic ring has one substituent (an isopropyl group) 
which is an ortho-para director, so we expect nitration to 
occur at the ortho and para positions. Because of the 
size of the isopropyl group, the para product is expected 
to predominate (a steric effect). 


NO» 
O;N 


Major Minor 

(c) The reagents indicate a nitration reaction, so we must 
decide where the nitro group will be installed. The 
aromatic ring has one substituent (a nitro group) which is 
a meta director, so we expect nitration to occur at the 
meta position. 


ON NO; 


(d) The reagents indicate a nitration reaction, so we must 
decide where the nitro group will be installed. The 
aromatic ring has one substituent (a carbonyl group) 
which is a meta director, so we expect nitration to occur 
at the meta position. 
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ON 


(e) The reagents indicate a nitration reaction, so we must 
decide where the nitro group will be installed. The 
aromatic ring has one substituent (a methoxy group) 
which is an ortho-para director, so we expect nitration to 
occur at the ortho and para positions. The para product 
is likely to predominate (because of a steric effect). 


NO; 
OMe OMe 


ON 
Major Minor 

18.42. 

(a) These reaction conditions indicate a sulfonation 
reaction, so we must decide where the sulfonic acid 
group will be installed. The aromatic ring has one 
substituent (C1) which is an ortho-para director, so we 
expect sulfonation to occur at the ortho and para 
positions. For steric considerations, the para product 
(shown here) is likely to predominate over the ortho 


product. 
Hos jo 


(b) These reaction conditions indicate a sulfonation 
reaction, so we must decide where the sulfonic acid 
group will be installed. The aromatic ring has one 
substituent (OH) which is an ortho-para director, so we 
expect sulfonation to occur at the ortho and para 
positions. For steric considerations, perhaps the para 
product (shown here) predominates over the ortho 
product, although it is a close call in this case. The OH 
group is similar in steric bulk to a methyl group, and we 
know that a methyl group provides little steric bulk (for 
example, sulfonation of toluene is expected to produce a 
mixture of ortho and para products, and the major 
product is difficult to predict). 


ws jon 


(c) These reaction conditions indicate a sulfonation 
reaction, so we must decide where the sulfonic acid 
group will be installed. The aromatic ring has one 
substituent (a carbonyl group) which is a meta director, 
so we expect sulfonation to occur at the meta position. 


O 
SO3H 
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(d) These reaction conditions indicate a sulfonation 
reaction, so we must decide where the sulfonic acid 
group will be installed. The aromatic ring has two 
substituents (OH and NO2). The directing effects are 
controlled by the more highly activating group, which is 
the OH group. As an activator, this group is an ortho- 
para director, so we expect sulfonation to occur at the 
ortho and para positions. For steric considerations, the 
para product (shown here) is likely to predominate over 
the ortho product. 
OH 


NO; 


SO4H 


(e) These reaction conditions indicate a sulfonation 
reaction, so we must decide where the sulfonic acid 
group will be installed. The aromatic ring has two 
substituents (Br and Me). The directing effects are 
controlled by the more highly activating group, which is 
the methyl group. As an activator, this group is an 
ortho-para director, so we expect sulfonation to occur at 
the ortho and para positions. However, the para 
position is already occupied (by the bromine atom). 
Therefore, sulfonation can only take place at the ortho 
positions. 


SO3H 


Br 


In this case, sulfonation at either ortho position leads to 
the same product. The two ortho positions are identical 
because of symmetry. Don’t be confused by the 
arbitrary location of the double bonds. It may be less 
distracting if we draw the structure like this: 


SO3H 


Br 


(f) These reaction conditions indicate a sulfonation 
reaction, so we must decide where the sulfonic acid 
group will be installed. The aromatic ring has one 
substituent (a carboxylic acid group) which is a meta 
director, so we expect sulfonation to occur at the meta 
position. 

oO 


SO3H 
HO 


(g) These reaction conditions indicate a sulfonation 
reaction, so we must decide where the sulfonic acid 
group will be installed. The aromatic ring has two 
substituents (methyl and ethyl). Both groups are weak 
activators, so all unoccupied aromatic positions are 
equally activated: 


3 
e 


d 
S 


These positions are differentiated from each because of 
steric factors. The ethyl group is larger than the methyl 
group, so the reaction is expected to occur ortho to the 
methyl group, rather than ortho to the more sterically 
bulky ethyl group. 


SO3H 


In this case, sulfonation at either ortho position leads to 
the same product. The two ortho positions are identical 
because of symmetry. Don’t be confused by the 
arbitrary location of the double bonds. It may be less 
distracting if we draw the structure like this: 


SO3H 


18.43. Each of these substituents appears in Table 18.1. 
(a) This group is an activator and an ortho-para director. 
(b) This group is an activator and an ortho-para director. 
(c) This group is an activator and an ortho-para director. 
(d) This group is a deactivator and an ortho-para 
director. 

(e) This group is a deactivator and a meta-director. 

(f) This group is a deactivator and a meta-director. 

(g) This group is a deactivator and a meta-director. 

(h) This group is a deactivator and a meta-director. 

(i) This group is a deactivator and an ortho-para director. 
(j) This group is a deactivator and a meta-director. 


18.44. There are four aromatic rings, labeled A — D. 
Ring A is the most activated, because it exhibits a group 
that is a strong activator (an amino group). Ring D is 
moderately activated because it is connected to the 
oxygen atom of an ester. Ring B is weakly activated 
because it is connected to an alkyl group. And finally, 


ring C is deactivated because it is connected to a 
carbonyl group (a moderate deactivator). 


Increasing reactivity toward electrophilic 
aromatic substitution 


Cc B D A 


18.45. 

(a) The reagents indicate a Friedel-Crafts alkylation 
reaction (methylation), so we must decide where the 
methyl group will be installed. The aromatic ring has 
one substituent (CI) which is an ortho-para director, so 
we expect methylation to occur at the ortho and para 


positions. 
CI Cl 
= A 


The para isomer is likely the major product because of 
steric considerations. 


(b) This aromatic ring is moderately deactivated and will 
therefore not undergo a Friedel-Crafts alkylation. 


(c) This aromatic ring is strongly deactivated and will 
therefore not undergo a Friedel-Crafts alkylation. 


(d) The reagents indicate a Friedel-Crafts alkylation 
reaction (methylation), so we must decide where the 
methyl group will be installed. The aromatic ring has 
one substituent (ethyl) which is an ortho-para director, 
so we expect methylation to occur at the ortho and para 


positions. 


The para isomer is expected to be the major product 
because of steric considerations. 


(e) The reagents indicate a Friedel-Crafts alkylation 
reaction (methylation), so we must decide where the 
methyl group will be installed. The aromatic ring has 
two substituents (I and methyl). The directing effects are 
controlled by the most strongly activating group. 
Therefore, in this case, the methyl group controls the 
directing effects. As an activator, this group is an ortho- 
para director. However, one of the ortho positions is 
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already occupied (by the other substituent). Therefore, 
methylation will occur at the position that is ortho or 
para to the methyl group, shown here: 


I I 
TL . 
The first isomer is expected to be the major product 
because of steric considerations. 


(f) The reagents indicate a Friedel-Crafts alkylation 
reaction (methylation), so we must decide where the 
methyl group will be installed. The aromatic ring has 
two substituents (propyl and methyl). Both groups are 
weak activators, and ortho-para directors. Therefore, we 
expect the following two products: 


yin, & a 


The first isomer is expected to be the major product 
because of steric considerations. 


(g) This aromatic ring has two substituents, and both are 
moderately deactivating. As such, the ring is too 
deactivated to undergo a Friedel-Crafts alkylation. 


(h) The reagents indicate a Friedel-Crafts alkylation 
reaction (methylation), so we must decide where the 
methyl group will be installed. The aromatic ring has 
two substituents (the oxygen atom of an ester, and an 
alkyl group). The directing effects are controlled by the 
most strongly activating group. Therefore, in this case, 
the ester group controls the directing effects. As an 
activator, this group is an ortho-para director. However, 
one of the ortho positions is already occupied (by the 
other substituent). Therefore, methylation will occur at 
the positions that are ortho and para to the ester group, 


shown here: 
(0) (0) 
Oo + (6) 


The second isomer is expected to be the major product 
because of steric considerations. 


18.46. 

(a) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
The aromatic ring has one substituent (Br) which is an 
ortho-para director, so we expect bromination to occur 
at the ortho and para positions. For steric 
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considerations, the para product (shown here) is likely to 
predominate over the ortho product: 


Br 


Br 


(b) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
The aromatic ring has one substituent (NO2) which is a 
meta director, so we expect bromination to occur at the 
meta position: 

NO; 


Br 


(c) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
The aromatic ring has two substituents (both methyl 
groups) Both groups are ortho-para directors, so all 
four unoccupied positions are activated: 


"Cx 
P us 


Because of symmetry, there are only two unique 
locations where bromination can occur: 


ve 


For steric considerations, the following product is 
expected to predominate. 


Br 


(d) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
The aromatic ring has one substituent (a tert-butyl group) 
which is an ortho-para director. The tert-butyl group is 
sterically bulky, so we expect the para product (shown 
here) to predominate over the ortho product. 


meee 


(e) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
The aromatic ring has one substituent (a sulfonic acid 
group) which is a meta director, so we expect 
bromination to occur at the meta position: 


SO3H 


ou 


(f) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
The aromatic ring has one substituent (a carboxylic acid 
group) which is a meta director, so we expect 
bromination to occur at the meta position: 


i 
Br 
(g) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
The aromatic ring has one substituent (a carbonyl group) 


which is a meta director, so we expect bromination to 
occur at the meta position: 


A 
Br 
(h) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
The aromatic ring has two substituents (two bromine 


atoms). Both groups are ortho-para directors, so we 
expect these groups to direct to all four positions: 


Because of symmetry, there are only two unique 
locations where bromination can occur: 


Qy UE 
S NE 


For steric considerations, 
expected to predominate. 


the following product is 


Br Br 


Br 


(i) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
The aromatic ring has two substituents: a methyl group 
(activator) and a nitro group (deactivator). The directing 
effects are controlled by the most strongly activating 
group. Therefore, in this case, the methyl group controls 
the directing effects. As an activator, this group is an 
ortho-para director, thereby activating the following 
three locations, one of which is sterically hindered: 


sterically 
2 hindered 


Ss 


Among the remaining two positions, the position next to 
the nitro group is probably more hindered than the 
position next to the methyl group. So, we predict that 
bromination will occur predominantly near the methyl 


group: 


Br 


NO; 


(j) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
The aromatic ring has two substituents (two bromine 
atoms). Both groups are ortho-para directors, so we 
expect these groups to direct to the following three 
positions, one of which is too sterically hindered: 


sterically 
hindered 


Br Br 


The remaining two positions are identical by symmetry. 
That is, bromination at either position will generate the 
same product: 

Br Br 


Br 
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(k) The reagents indicate a bromination reaction, so we 
must decide where the bromine atom will be installed. 
The aromatic ring has two substituents (two bromine 
atoms), both of which are ortho-para directors, so we 
expect these groups to direct to all four positions (all of 
which of which are ortho to one of the halogens). 
Indeed, all four positions are equivalent by symmetry 
anyway. Bromination will install a third bromine atom 
which can be drawn in any of the four unoccupied 
positions (all are identical): 


Br 
Br 


Br 


18.47. There are two aromatic rings, and each ring has 
two substituents. For each ring, the directing effects are 
controlled by the most strongly activating group. 
Therefore, in this case, the OR group (a moderate 
activator) controls the directing effects for each ring 
(rather than the tert-butyl groups, which are weak 
activators). As an activator, the OR group is an ortho- 
para director. However, in each ring, one of the ortho 
positions is already occupied (by the tert-butyl group). 
Therefore, nitration can occur at the following locations: 


(0) 


S PTS 


However, two of these locations are sterically hindered, 
so we only expect nitration at the remaining two 
(unencumbered) positions: 


HNO; / H5$04 
owe | 
N NO 


ce 
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18.48. In acidic conditions, 2-methylpropene is protonated to give a tertiary carbocation, which can function as an 
electrophile in an electrophilic aromatic substitution reaction. The aromatic ring attacks the carbocation to give a 
resonance stabilized intermediate (sigma complex), followed by deprotonation which restores aromaticity. In aqueous 
acidic conditions, the proton source is H3O* (in the beginning of the mechanism), and the base is H20 (at the end of the 


mechanism). 


18.49. 

(a) This is an electrophilic aromatic substitution reaction, 
and before we can draw the two steps of the process, we 
must begin by drawing formation of the electrophilic 
complex that will react with the aromatic ring. This 
occurs when molecular chlorine (Cl2) attacks the Lewis 
acid, forming an electrophilic complex. 


(^N AlCl 


J ® O 
CSch CI-CI—AIClg 


This complex effectively serves as a delivery agent of 
CI* (a powerful electrophile). The aromatic ring then 
functions as a nucleophile and attacks the electrophilic 
complex. The resulting intermediate sigma complex 
then loses a proton to restore aromaticity. 


H Cl 
Cy Ch, AlCl CT: AlCla 
+ HCI 
© oO 
| CI-CCI—AICIS lore. 


@H H H 
re ea Ga 
e © 


The base for the final step is AICla . When it removes a 
proton, thereby re-establishing aromaticity, HCl is 
generated as a byproduct and the Lewis acid (AlCls) is 
regenerated (its function is catalytic). 


(b) In the presence of sulfuric acid, nitric acid can be 
protonated, followed by loss of water to give a nitronium 
ion: 


A) r 
\ 
O 
/ 


HH 
O 
i H»SO, f 
o. ^N. NO 
O° ®~OH II 


hd Oo 
*x Q nitronium ion 


H=0-$—0H 
Ó 
-H20 
o 


The aromatic ring then functions as a nucleophile and 
attacks the nitronium ion. The resulting intermediate 
sigma complex then loses a proton to restore aromaticity. 
Water is the likely base for the final deprotonation step, 
since water is present in solutions of these strong acids 
(and there are no strong bases present in strongly acidic 
conditions). 


H NO; 
& 
NO» X 
O 
“Ab H. LH 
ZA 20% 
o ee 
H NO» H NO; H*NO> 
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(c) This is an electrophilic aromatic substitution reaction (called sulfonation). As for all electrophilic aromatic 
substitution reactions, there are two key steps. First, the aromatic ring functions as a nucleophile and attacks the 
electrophilic species (SO3). Then, the resulting intermediate sigma complex loses a proton to restore aromaticity. 
Notice that the product is an anion, which is protonated under these acidic conditions, as shown: 


eO 
A Ad* Wwe i 
Fuming H5SO. N -2x \ 
(f) = oo Sem 
Os 120 H.H 
i- Ç 


(d) This is a Friedel-Crafts alkylation process, which begins with the formation of the electrophilic complex that will 
react with the aromatic ring. Methyl chloride attacks the Lewis acid, forming an electrophilic complex. This complex 
effectively serves as a delivery agent of H3C*. The aromatic ring functions as a nucleophile and attacks the 
electrophilic complex. The resulting intermediate sigma complex then loses a proton to restore aromaticity, as shown: 


DEAS ades 


o 
CI-—AlCIa 


CT: HCI + AICI 


The base for the final step is AICl4 . When it removes a proton, thereby re-establishing aromaticity, HCl is generated 
as a byproduct and the Lewis acid (AICls) is regenerated (its function is catalytic). 
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(e) This is an electrophilic aromatic substitution reaction 
(called bromination), and before we can draw the two 
steps of the process, we must begin by drawing 
formation of the electrophilic complex that will react 
with the aromatic ring. This occurs when molecular 
bromine (Br2) attacks the Lewis acid, forming an 
electrophilic complex. 


( "rans 


o © 
Br—Br -— — —-  Br—Br—FeBrs 


This complex effectively serves as a delivery agent of 
Br* (a powerful electrophile). The aromatic ring then 
functions as a nucleophile and attacks the electrophilic 
complex. The resulting intermediate sigma complex 
then loses a proton to restore aromaticity. 


H Br 
E. Cue 
* HBr 


© O © 
Bre repr, [erre 


o H H H 
Br Br Br 
e © 


The base for the final step is FeBra . When it removes a 
proton, thereby re-establishing aromaticity, HBr is 
generated as a byproduct and the Lewis acid (FeBrs) is 
regenerated (its function is catalytic). 


Bro, FeBra 


18.50. 

(a) This is an electrophilic aromatic substitution reaction, 
and before we can draw the two steps of the process, we 
must begin by drawing formation of the electrophilic 
complex that will react with the aromatic ring. This 
occurs when I-Cl attacks the Lewis acid, forming an 
electrophilic complex. 


f AlCl ® 


o 
I—Cl: I—CI—AICls 


This complex effectively serves as a delivery agent of I”. 
The aromatic ring then functions as a nucleophile and 
attacks the electrophilic complex. The resulting 
intermediate sigma complex then loses a proton to 


restore aromaticity. 
H I 
cS mue 
* HCI 
o 
os 


ICI, AlCla 


© © 
1 GI — ACh 


© H H H 
I I I 
— <=> 
©) © 


The base for the final step is AICla . When it removes a 
proton, thereby re-establishing aromaticity, HCl is 
generated as a byproduct and the Lewis acid (AICl3) is 
regenerated (its function is catalytic). 
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(b) This transformation involves two molecules of benzene reacting with one molecule of CH2Cl2, as indicated in the 
problem statement (0.5 equivalents of CH2Clz). This process occurs via two successive electrophilic aromatic 
substitution reactions. The process begins with formation of the electrophilic complex that will react with the first 
aromatic ring. Methylene chloride (CH2Cl2) attacks the Lewis acid, forming an electrophilic complex. This complex 
effectively serves as a delivery agent of CIH2C*. The aromatic ring functions as a nucleophile and attacks the 
electrophilic complex. The resulting intermediate sigma complex then loses a proton to restore aromaticity, giving 
benzyl chloride. Then, all of the previous steps (formation of the electrophilic complex, followed by the two steps of 
an electrophilic aromatic substitution reaction) are repeated again, as shown, giving the product (diphenylmethane). 
Notice that, for each deprotonation step, the base is AICl4 . When it removes a proton, HCl is generated as a byproduct 
and the Lewis acid (AICI3) is regenerated (its function is catalytic): 


H 
gu x E 
H ^ 
A 
H CI 
2 US 
: H H à @ H a s 


CI—AICl, 


Y 


“cs, i je tr 938 


UA RN 
a Cl + HCl + AlCl 


Sy- 2y Gy 


CI—AlCls 


18.51. The substituent (Cl) is replaced with a different mechanism are met: 1) there is a leaving group 


substituent (OMe). Therefore, this is an aromatic (chloride), and 2) there is an electron-withdrawing group 
substitution reaction. The reagent (methoxide) is (the carbonyl group is electron withdrawing via 
nucleophilic, so we must determine whether this reaction resonance), and 3) the leaving group is para to the 
occurs via an SnAr mechanism or via an elimination- electron-withdrawing group. Therefore, we draw an 


addition mechanism. All three criteria for an SNAr SnAr mechanism. In the first step, methoxide functions 
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as a nucleophile and attacks the aromatic ring at the 
position bearing the leaving group, thereby forming an 
intermediate Meisenheimer complex. Then, a leaving 
group (chloride) is ejected, restoring aromaticity, and 
giving the product, as shown. 


COS = OD. 


Ces 
OMe 
18.52. 


(a) The reagents indicate the installation of a nitro 
group, followed by its reduction to an amino group. To 
determine where this group is installed, recall that the 
directing effects are controlled by the most strongly 
activating group. In this case, the methyl group is the 
only activating group (albeit weakly activating), so it 
controls the directing effects. As an activator, this group 
is an ortho-para director. However, the para position is 
already occupied (by the other substituent). Therefore, 
the group is installed in a position that is ortho to the 
methyl group. 


NH 
ZN 1) HNO; / H2SO4 2 
i 
SN | 2) Zn, HC 
3) NaOH 
Br Br 
NOs 
HNO; 1)Zn, HC 
———— 
H2504 2) NaOH 
Br 


In this case, both ortho positions are equivalent because 
of symmetry, so the group can be drawn in either ortho 
position (don’t be distracted by the arbitrary placement 
of the double bonds in the aromatic ring): 


HN NH2 


Br Br 


(b) The starting material is para-xylene, in which the 
following four positions are identical (because of 
symmetry): 


Su 
as 


u^ 
> 


Therefore, installation of a third group leads to only one 
regiochemical outcome. Each group weakly activates 
the ring, so this compound will readily undergo a 
Friedel-Crafts acylation reaction, thereby installing an 
acyl group on the ring. Then, in the second step, the 
carbonyl group is reduced, giving the product shown: 


1}AlCh , 
O 


ea 


2) Zn(Hg}, HCI, 
heat 


[peo HCI, 
[e] heat 


(c) The aromatic ring has only one substituent (an 
isopropyl group), which is an activator and therefore an 
ortho-para director. The ortho positions are sterically 
hindered (by their proximity to the bulky isopropyl 
group), so an electrophilic aromatic substitution reaction 
is expected to occur predominantly at the para position. 
In the first step, a Friedel-Crafts alkylation is used to 
install a methyl group in the para position. Then, both 
alkyl groups are oxidized to give a diacid, as shown: 


COOH 
1) CHCI, AlCl 
2) KMnO; , H20, heat 
3) H30* 
COOH 


2) KMnO; , H20, 
CH3Cl, heat 
AICl3 3) H30* 


(d) The aromatic ring has only one substituent (a tert- 
butyl group), which is an activator and therefore an 
ortho-para director. The ortho positions are very 
sterically hindered (by their proximity to the bulky tert- 
butyl group), so an electrophilic aromatic substitution 
reaction is expected to occur almost exclusively at the 
para position. In the first step, a Friedel-Crafts 
alkylation is used to install a methyl group in the para 
position. Then, in the next step, the benzylic protons are 
replaced with bromine atoms. The tert-butyl group does 


not have any benzylic protons, so no bromine atoms are 
installed in that location. Only the methyl group 


undergoes benzylic bromination (exhaustively), as 
shown: 
1) CHCl, 
AlCl 
2) excess 
NBS, Brac 
heat 
excess 
CH,Cl, NBS 
AlCl 
18.53. 


(a) Installation of the amino group requires a two-step 
process (nitration, followed by reduction), while 
installation of the bromine atom can be achieved in just 
one step. 

Now let’s consider the order of events. These two 
groups must be installed in a meta fashion, but both 
groups are ortho-para directors. Installation of these two 
groups (in either order) does not appear to give the 
desired meta substitution pattern. However, recall that 
installation of the amino group requires two steps. The 
first step is nitration, and a nitro group is a meta-director. 
So, we can achieve the desired transformation by 
performing the bromination process after the nitration 
process but before the reduction process, as shown here: 


Q nes 


1) HNOs, H2S04 
———————- 


2) Br, AIBr3 
3) Zn, HCI 
is SNO 1) Zn, HCI 
3 
HSO, 2) NaOH 


ON O-N Br 
G Bro, AlBr3 p d 
——__~ » 


(b) Installation of the amino group requires two steps 
(nitration, followed by reduction), while installation of 
the ethyl group can be achieved in just one step (via a 
Friedel-Crafts alkylation). The substituents must be 
installed in a meta fashion, yet both substituents are 
ortho-para directors. To circumvent the problem, we 
consider utilizing the meta-directing effects of the nitro 
group to achieve the desired regiochemical outcome: 
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However, this strategy will not succeed because the 
middle step is flawed. Specifically, a Friedel-Crafts 
alkylation cannot be performed on a strongly deactivated 
ring (such as nitrobenzene). Therefore, we must find 
another way to install the two groups in a meta fashion. 
This can be accomplished if we install the ethyl group 
via a two-step process (Friedel-Crafts acylation, 


followed by reduction): 
O- zb 


By installing the ethyl group in this way, we can 
capitalize on the directing effects of the carbonyl group, 
before reducing it. As seen below, a Friedel-Crafts 
acylation installs an acyl group, which is a meta-director. 
Subsequent nitration allows for the installation of a nitro 
group in the meta position. And finally, reduction (of 
both groups) gives the product, as shown. 


(0) 


MCHC OU AICI: AlCls 
2)HNO; H504 HNO;, H5SO4 
3) HCI, Zn(Hg), heat 
4) NaOH 
1) HCI, Zn(Hg), heat 
(0; 
N 
HNO; d 
^ HSOo. 


18.54. 

(a) The second step of the synthesis will not work, 
because a strongly deactivated ring will not undergo a 
Friedel-Crafts alkylation. The product of the first step, 
nitrobenzene, will be unreactive in the second step. 

(b) The second step of the synthesis will not efficiently 
install a  propyl group, because a  carbocation 
rearrangement is likely to occur, which can result in the 
installation of an isopropyl group. A mixture of products 
is expected. 

(c) The second step of the synthesis will not install the 
acyl group in the meta position. It will be installed in a 
position that is either ortho or para to the bromine atom 
(with the para product likely to predominate, due to 
steric factors). 

(d) The second step of the synthesis will not efficiently 
install the bromine atom in the ortho position, because of 
steric hindrance from the tert-butyl group. Bromination 
will occur primarily at the para position. 


18.55. 

(a) This compound has two aromatic rings, each of 
which is monosubstituted. One aromatic ring (left) is 
connected directly to a carbonyl group and is therefore 
deactivated. The other aromatic ring (right) is connected 
to a methylene group (CH?) and is therefore activated 
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(the substituent is treated like an alkyl group). So, we 
expect monobromination to occur on the activated ring. 
Since the substituent is an activator, it must also be an 
ortho-para director. The ortho positions are sterically 
hindered (by the large substituent), so the reaction is 
expected to occur predominantly at the para position, 


indicated here: 


(b) This compound has two aromatic rings, each of 
which is monosubstituted. One aromatic ring (left) is 
connected directly to a carbonyl group and is therefore 
deactivated. The other aromatic ring (right) is connected 
to a nitrogen atom and is therefore activated. So, we 
expect monobromination to occur on the activated ring. 
Since the substituent is an activator, it must also be an 
ortho-para director. The ortho positions are sterically 
hindered (by the large substituent), so the reaction is 
expected to occur predominantly at the para position, 
indicated here: 


(c) This compound has two aromatic rings. The ring on 
the left has one only substituent, which is an activator. 
The ring on the right has two substituents: an activator 
and a deactivator. As such, we expect monobromination 
to occur on the left ring, which is more activated. Since 
the substituent (on the left ring) is an activator, it must 
also be an ortho-para director. The ortho positions are 
sterically hindered (by the large substituent), so the 
reaction is expected to occur predominantly at the para 


position, indicated here: 
Oo 


Ze 


18.56. The reagent is sodium amide, which is strongly nucleophilic and strongly basic. The three criteria for SNAr are 
not met (the aromatic ring lacks a nitro group), and therefore, the reaction must occur via an elimination-addition 
mechanism (as seen in Mechanism 18.9), shown here. The benzyne intermediate can be attacked on either side of the 


triple bond, leading to the two products shown: 


rq" NH2 H NH3 
Q.. SL oN 
*NH» © H*\} ^H 
H 
l 
9 SL Nyy NH3 
‘NH2 M 


18.57. Phenol has only one substituent (OH) connected to the aromatic ring. This group is a strong activator, and is 
therefore an ortho-para director. If conditions are controlled such that three nitro groups are installed, then we expect 
the three nitro groups to be installed at the ortho and para positions, as shown: 


OH 


OH 
NO; 


NO5 


2,4,6-trinitrophenol 
(picric acid) 
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18.58. The starting material is benzene, and the product exhibits a disubstituted aromatic ring. This will require two 
successive aromatic substitution reactions. The reagent (the diol) is not a very strong nucleophile, nor is it a very 
strong electrophile. However, in acidic conditions, the diol exists in equilibrium with a very powerful electrophile (a 
carbocation), as shown: 


H 
| 
Sog 
HO ( CP. Ho @H -H20 HO 
OH (5° ————- 9 


As seen above, one of the OH groups can be protonated, giving an excellent leaving group, which can leave to give a 
tertiary carbocation. Since the reagent is electrophilic, we expect that the reaction will proceed via electrophilic 
aromatic substitution. Accordingly, the aromatic ring attacks the carbocation to give an intermediate sigma complex, 
which then loses a proton to restore aromaticity: 


^j H 


Suo Pad 


OH OH Q OH 
———À -——— H 
e e 


The entire process is then repeated again, except this time, the reaction will proceed in an intramolecular fashion, 
closing a ring. The OH group is protonated to give an excellent leaving group, which can leave to give a tertiary 
carbocation. The aromatic ring attacks the carbocation in an intramolecular process to give an intermediate sigma 
complex, which then loses a proton to restore aromaticity: 


H 
| H 
RSEN wey lo 
[9] [9] 
pv H^ NH » ^H - H50 ZA 


| 


© [o 
H, H 
ʻO: H [9] 


Since aqueous acidic conditions are employed (H2SOs is generally dissolved in water), the proton source throughout 
the mechanism has been H30*, and the base has always been H20, to be consistent with acidic conditions. 
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18.59. These reagents will achieve the installation of an 
isopropyl group on the aromatic ring. The problem 
statement indicates that conditions will favor 
dialkylation, which means that two isopropyl groups are 
installed. After installation of the first isopropyl group, 
the second isopropyl is expected to be installed 
predominantly in the para position (because alkyl groups 
are ortho-para directors, and the ortho positions are 
sterically hindered by their proximity to the isopropyl 


group): 


18.60. A chlorine atom is placed at the para position, 
and a resonance-stabilized positive charge is formed, as 
shown: 


CH3 CH3 CH3 
© 
<> <> 
e © 
H Cl H Cl H Cl 


18.61. 

(a) Toluene is the only compound with an activated ring, 
and it is expected to undergo a Friedel-Crafts reaction 
most rapidly. The methyl group is an ortho-para 
director, so we expect a mixture of ortho and para 
products (ortho-ethyltoluene and para-ethyltoluene): 


Generally, para substitution products are favored over 
ortho substitution products because of steric factors, 
However, a methyl group provides only a small amount 
of steric hindrance, and therefore, the product 
distribution is difficult to predict. That is, we cannot 
predict which product will predominate, and it will likely 
be sensitive to the conditions employed. 


(b) Anisole (methoxybenzene) exhibits the most 
activated ring, and it is therefore expected to undergo a 
Friedel-Crafts reaction most rapidly. The methoxy group 
is an ortho-para director, so we expect a mixture of 
ortho and para products, although the para product is 
expected to predominate because of steric factors: 


OCH; OCHs OCH; 


EtCI 
AlCls 


minor major 


18.62. The molecular formula indicates five degrees of 
unsaturation, which accounts for the aromatic ring (four 
degrees) and the ester group (one degree). The aromatic 
ring accounts for six of the eight carbon atoms, so the 
ester group can only have two carbon atoms. The 
following two structures fit this description: 


o^ CY UY 


Compound B 


i9] 


Compound À 


Compound A must be the compound in which the 
carbonyl group is connected directly to the aromatic ring, 
because bromination of compound A leads to only one 
product. Recall that the carbonyl group is a meta 
director, and both meta positions are identical, which 
explains why there is only one monobromination 
product. In contrast, compound B exhibits an activating 
group, which is an ortho-para director. As such, we 
expect two monobromination products (bromination can 
occur at either the ortho position or the para position, 
with the para product expected to predominate due to the 
steric influence of the ester). 


18.63. 

(a) The starting material is methoxybenzene (anisole) 
and the product has two additional substituents, located 
at the ortho and para positions. The bromine atom is 
installed in just one step (bromination), and the nitro 
group can also be installed in just one step (nitration). 
The methoxy group is an ortho-para director, although 
substitution at the para position will likely predominate 
because of steric factors. Therefore, we must first 
perform the bromination reaction, thereby installing the 
bromine atom in the correct location. Note that no Lewis 
acid is required, as the ring is moderately activated; just 
one equivalent of Br? would be used. And finally, we 
perform a nitration reaction which installs the nitro group 
in the position that is ortho to the moderately activating 
methoxy group. 


OCH; OCH; 
NO; 
1) Br? 
2) HNOs, H5SO4 
OCH, Br 
Bro HNOs, H5SO4 
Br 


(b) The starting material is methoxybenzene (anisole) 
and the product has two additional substituents, located 
at the ortho and para positions. The bromine atom is 
installed in just one step (bromination), and the nitro 
group can also be installed in just one step (nitration). 
The methoxy group is an ortho-para director, although 
substitution at the para position will likely predominate 
because of steric factors. Therefore, we must first 
perform the nitration reaction, thereby installing the nitro 
group in the correct location. And then, we perform a 
bromination reaction which installs the bromine atom in 
the position that is ortho to the moderately activating 
methoxy group. 


OCH; OCH; 
B 
1) HNO3, H»SO4 i 
z 
2) Br, AlBr3 
OCH; NO; 
HNO3, Bra, AIBrs 
H5S04 
NO; 


(c) The starting material exhibits an aromatic ring with 
only one substituent (an isopropyl group). In the 
product, the isopropyl group has been converted into a 
carboxylic acid, which can be achieved via benzylic 
oxidation with a strong oxidizing agent. In addition, a 
nitro group must be installed. Now we must determine 
the order of events. Both substituents (in the product) 
are meta directors, yet they are ortho to each other. 
Therefore, we must install the nitro group before the 
isopropyl group is oxidized, thereby relying on the 
ortho-para directing effects of an isopropyl group. A 
blocking group must be used because the isopropyl 
group provides steric bulk that would otherwise favor 
nitration at the para position, rather than the ortho 
position. By blocking the para position, we can perform 
a nitration reaction, thereby installing the nitro group in 
the desired location. Removing the blocking group, 
followed by oxidation of the benzylic position, gives the 
desired product. 
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[9) OH 
NO 
1) Fuming H»SO,4 2 
———————— 
2) HNOs, H2804 
3) Dilute H2504 
4) KMnO,, H20, heat 
5) HO* 1) KMnO,, 
H20, 
Fuming H2504 heat 
2) H30* 
NO; 
SO3H 
ee. Dilute 
H5SO, H2504 
SO3H 


(d) The starting material exhibits an aromatic ring with 
only one substituent (an isopropyl group). In the 
product, the isopropyl group has been converted into a 
carboxylic acid, which can be achieved via benzylic 
oxidation with a strong oxidizing agent. In addition, a 
nitro group must be installed. Now we must determine 
the order of events. Both substituents (in the product) 
are meta directors, and they are indeed meta to each 
other. Therefore, we simply oxidize the benzylic 
position, and then perform a nitration reaction to give the 
desired product. 


1) KMnO,, H5O, heat 
——————— 


2) H30* 


3) HNOs, H2SO4 NO2 


O OH 


HNO3, 
H2SO4 


Note that an isopropyl group is an ortho-para director, 
but the desired nitration reaction must occur at the meta 
position, so nitration cannot be the first step of our 
synthesis. We must first convert the alkyl group (which 
is an ortho-para director) into a carboxylic acid group 
(which is a meta director). 
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18.64. 

(a) The reagents indicate a chlorination reaction, so we 
must decide where the chlorine atom will be installed. 
The directing effects are controlled by the most strongly 
activating group. In this case, none of the groups are 
activators, but the halogen is at least an ortho-para 
director, and therefore controls the directing effects 
(rather than the ester groups, which are meta-directing). 
The two ortho positions are already occupied (by the 
other substituents). Therefore, chlorination is expected 
to occur at the position that is para to the bromine atom. 
This is consistent with the directing effects of the ester 
groups as well. 


(b) The reagents indicate a nitration reaction, so we must 
decide where the nitro group will be installed. The 
directing effects are controlled by the most strongly 
activating group. Therefore, in this case, the methoxy 
group controls the directing effects. As an activator, this 
group is an ortho-para director. However, one of the 
ortho positions is already occupied (by a methyl 
substituent). That leaves two possible locations: the 
remaining ortho position and the para position. The 
former is too sterically hindered and the reaction is not 
likely to occur there. Therefore, we expect nitration to 
occur in the para position, giving the following product: 


ON 


OCH; 


(c) The reagents indicate a sulfonation reaction, so we 
must decide where the sulfonic acid group will be 
installed. The aromatic ring has two substituents (tert- 
butyl and methyl). Both groups are weak activators, and 
ortho-para directors. Because of steric factors, we 
expect the sulfonic acid group to be installed 
predominantly ortho to the methyl group, rather than 
ortho to the large tert-butyl group. 


SO3H 


(d) The reagents indicate a nitration reaction, so we must 
decide where the nitro group will be installed. The 
directing effects are controlled by the most strongly 
activating group. Therefore, in this case, the OH group 
controls the directing effects. As an activator, this group 
is an ortho-para director. However, one of the ortho 


positions and the para position are already occupied (by 
the other substituents). Therefore, nitration can only 
occur in the remaining position that is ortho to the OH 
group, giving the following product. 


NO; 


Br NO; 


18.65. The reagents indicate a bromination reaction, so 
we must decide where the bromine atom will be 
installed. The directing effects are controlled by the 
most strongly activating group(s). The methyl groups 
are weakly activating and the bromo groups are weakly 
deactivating. Therefore, in this case, the methyl groups 
control the directing effects. Both of the methyl groups 
are directing to the same location (ortho and para to the 
methyl groups): 


Br Br Br 


Br Br 


18.66. 
(a) There are two possible pathways to consider, based 
on which C-C bond is to be formed: 


[e 
OCH, 


Let’s consider one of these pathways (forming the bond 
on the left). Forming this bond via a Friedel-Crafts 
acylation would require the following starting materials: 


o 


[o 
S 
z 


OCH3 


| 


(0) 
ON 
2 G ^5 
+ 
OCH 


Indeed, the nitro group of nitrobenzene is meta-directing, 
so the regiochemistry is correct. However, we must 
remember that a Friedel-Crafts acylation cannot be 


performed on an aromatic ring that is strongly 
deactivated. Since nitrobenzene is strongly deactivated, 
this pathway is not feasible. So, we must explore the 
other possible pathway, forming this bond: 


o 


nent 
OCH; 


Forming this bond via a Friedel-Crafts acylation would 
require the following starting materials: 


(0) 


ON 
+ 
OCH; 


The methoxy group is an ortho-para director, and para 
substitution is expected to predominate (because of steric 
factors), giving rise to the desired product. 


(b) There are two possible pathways to consider, based 
on which C-C bond is to be formed: 


O 
H4CO 


Let's consider one of these pathways (forming the bond 
on the right). Forming this bond via a Friedel-Crafts 
acylation would require the following starting materials: 


i] 


OCH; 
HCO - 
o | 
OCH 
g 


Let’s consider the regiochemical outcome of a Friedel- 
Crafts acylation with these starting materials. The 
methoxy group controls the directing effects, so 
substitution is expected to occur at the position that is 
para to the methoxy group (not meta to the methoxy 


group). 


H4CO 


OCH3 


d 


Therefore, this pathway is not feasible, because it would 
not give the correct product. So we must explore the 
other possible pathway, forming this bond: 
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o 
[Du 
HCO 


Forming this bond via a Friedel-Crafts acylation would 
require the following starting materials: 


cl 
+ 
H3CO 


The methoxy group is an ortho-para director, and para 
substitution is expected to predominate (because of steric 
factors), giving rise to the desired product. 


o 
OCH3 


18.67. 

(a) The product has four substituents. One of them is a 
methoxy group, which is an ortho-para director. The 
directing effects of this substituent, if installed first, can 
be used to install the other groups in the correct 
locations: 


OMe OMe OMe 
HNOs, xs Br Br 
H5S04 Bro, 
——- ——— 
AIBra 
NO5 NO2 


So the key to solving this problem is to convert benzene 
into methoxybenzene (anisole): 


o—d 


This can be achieved via the following three-step 
process. 


eQ 
Cl :OF Na® 


There are certainly other acceptable methods for 
achieving the desired transformation. Once such 
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alternative is shown here, which uses an SnAr step in 
place of the elimination-addition step. This is possible 
by installing the nitro group prior to substitution of the 
Cl: 


OMe 
1) Clo, AlCl Br Br 
2) HNO3, H2SO4 
3) NaOH 
4) Mel 
5) xs Bro, AlBr3 NO; 
Clo, AlCl xs Bro, 
AIBr3 
Cl OMe 
NO, 
[mos H5SO, Tuer 
Cl oP Ne 
NaOH 
————————- 
NO; NO? 


(b) The product has three substituents (a nitro group, 
and two carboxylic acid groups). Each of the carboxylic 
acid groups must be installed via a two-step method 
(Friedel-Crafts alkylation, followed by oxidation of the 
benzylic position). We could certainly install two 
methyl groups and then oxidize both of them: 


O-6-6-0 


COOH 


However, the second alkylation step would not proceed 
with good regiochemical control. Methyl groups do not 
provide significant steric hindrance, so we would expect 
a mixture of ortho and para products (difficult to predict 
which will predominate). If, however, we install 
isopropyl groups (rather than methyl groups), then the 
second alkylation step will occur predominantly at the 
para position, as desired. Then, both benzylic positions 
can be oxidized to give the diacid: 


COOH 
O = e mm $ 

COOH 
In the synthesis shown below, the nitration step is 
performed prior to oxidation of the benzylic groups, 
because nitration of an activated ring is likely to proceed 
more readily than nitration of a deactivated ring. 
Nitration of para-diisopropylbenzene gives only one 
nitration product, because all unoccupied positions on 
the ring are identical. 


COOH 
1) (CH3)2CHCI, AICI, NO; 
2) (CH3}2CHCI, AICIa " 
3) HNOz, H2804 
4) KMinO,4, H20, heat 
5) H30* COOH 
1) KMnO4 
(CHM CHCI H20 
AlCl heat 
2) H30* 
„NO3 
(CH3},CHCI HNO; 
AlCla H2504 


(c) If we install the tert-butyl group first, we can use its 
directing effects to install all of the other groups in the 
correct locations. The tert-butyl group is installed via a 
Friedel-Crafts alkylation. The directing effects of the 
tert-butyl group cause the next group to be installed in 
the para position, so the next step of our synthesis must 
be a nitration step. Subsequent halogenation steps are 
forced to proceed at the positions that are ortho to the 
tert-butyl group. These positions are indeed sterically 
hindered, but the position that is para to the tert-butyl 
group is already occupied (by the nitro group). So any 
subsequent reactions must take place at the ortho 
positions. 


1) (CH34CCI, AICI, 


3) Bro, AlBr; 
4) Ch, AICI 


Q 


(CH3)3CCl, 
AlCl 


. 


HNO;, 


H5S04 


E 
NO» 


lo. AlCl 


i Br 
NO; 


Bro, 


AlBra 


AR —————————— 


NO; 


(d) We must install three groups (a chlorine atom, an 
acyl group, and a nitro group). Two of these groups are 
meta directors (the nitro group and the acyl group), while 
the other group (Cl) is an ortho-para director. The 
groups are all meta to each other in the product, so the Cl 
group must be installed last. 

The first two steps of the synthesis must install the acyl 
group (via Friedel-Crafts acylation) and the nitro group 
(via nitration). These two steps cannot be performed in 
either order. The nitro group cannot be installed first, 
because nitrobenzene is too deactivated to undergo a 
Friedel-Crafts alkylation. Therefore, the order of events 
must be: 1) Friedel-Crafts alkylation, 2) nitration, and 
3) chlorination. This synthesis is shown here: 


o 
1) CH4CH;COCI, NO; 
AlCls 
2) HNO3, H5S04 
3) Ch, AlCl 
Cl 
CH3CH,COCI, 


AICls lor AICls 


o o 
NO; 
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(e) There is likely more than one way to achieve the 
desired transformation. The following retrosynthetic 
analysis represents one strategy for preparing the desired 
compound. An explanation of each of the steps (a-e) 
follows. 


COOH COOH COOH 


a b 
E zy 
CI NO» NO? 
Br Br Br 


[^ 


ose 


Br 


a. The product can be prepared by installing the Cl 
group last. None of the three groups (on the ring) 
are activators, but all three groups direct to the 
same location. 

b. Installation of the nitro group would occur in the 
position that is ortho to the ortho-para directing 
group (and meta to the meta-directing group). 

c. The carboxylic acid group can be made via 
oxidation of the benzylic position. A methyl 
group can certainly be oxidized to a carboxylic 
acid group, however, we choose a larger, 
sterically hindered alkyl group, as will soon be 
explained. 

d. Bromination will occur predominantly in the 
para position, because the ortho positions are 
sterically hindered. This is indeed the reason 
why we chose an isopropyl group rather than a 
methyl group. With a methyl group, we would 
expect a mixture of ortho and para products. 

e. Installation of an isopropyl group can be 
achieved via a Friedel-Crafts alkylation. 


Now, let's draw the forward scheme. Note that in the 
first step (Friedel-Crafts alkylation), it would be 
inefficient to use 1-chloropropane and then rely on a 
carbocation rearrangement, as that would likely give a 
mixture of products (propylbenzene and isopropyl- 
benzene). 
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COOH 
1) (CH3)sCHCI, AlCl 
2) Bro, AIBrs 
3) KMnOgq, H20, heat 
4) H30* Cl NO; 
5) HNO3, H2SO4 Br 
6) Cb, AlCl 
(CH3)2CHCI, AlCl lo. ACh 
COOH 
NO; 
Br 
[^ AIBrs HNOs, 
H2SO4 
COOH 
1} KMnO4, H20, heat 
SSS SS 
2) H30* 
Br Br 


(f) The following retrosynthetic analysis represents one 
strategy for preparing the desired compound. An 


explanation of each of the steps (a-d) follows. 
a. Chlorination will install a chlorine atom in the 


position that is ortho to the activator (OEt) 


because the para position is already occupied (by 
the nitro group). 

b. An SwAr reaction will replace the chlorine atom 
with an ethoxy group. 

c. Installation of the nitro group would occur 
predominantly in the position that is para to the 
ortho-para directing Cl group. 

d. Chlorination gives chlorobenzene. 


Now, let’s draw the forward scheme, as described above: 


OEt 

1) Ch, AICI, Ci 

2) HNO3, H2504 2 

3) NaOEt, heat 

4) Clo, AlCl 
NO; 

Clo, AICI, fer ACh 

OEt 


Cl 


NO; 
HNOs, Cl 
NO; 


(g) The following retrosynthetic analysis represents one 
strategy for preparing the desired compound. An 


explanation of each of the steps (a-d) follows. 
Chlorination will install a chlorine atom in the 


position that is ortho to the activator (isopropyl 


group) because the para position and the other 
ortho position are already occupied (by the acyl 
group and nitro group, respectively). 

b.  Nitration will occur in the position that is ortho to 
the activator (isopropyl group) because the para 
position is already occupied (by the acyl group). 

c.  Friedel-Crafts acylation will occur predominantly 
in the position that is para to the isopropyl group, 
because the isopropyl group is an ortho-para 
director, and it is sterically bulky. 

d. Friedel-Crafts alkylation can be used to install an 
isopropyl group. 


Now, let’s draw the forward scheme. Note that in the 
first step (Friedel-Crafts alkylation), it would be 
inefficient to use 1-chloropropane and then rely on a 
carbocation rearrangement, as that would likely give a 


mixture of products (propylbenzene and isopropyl- 
benzene). 


1) (CH3)2CHCI, AICI, 


) cl NO? 
2) CH3CH;COCI, AlCl 
> 
3) HNO3, H2504 
) 


4) Ch, AICI 


(CH3)2CHCI, 
AlCl Clo, AlCl 


CH3CH2COCI, 
AICls 


O 


(h) The following retrosynthetic analysis represents one 
strategy for preparing the desired compound. An 
explanation of each of the steps (a-c) follows. 


Br Br 
a 
=———> 
ÒN 
f: 


OSTE 
Cl 


a. Nitration will occur in the correct location 
because of steric factors. 

b. Bromination will install a bromine atom in the 
correct location since the branching on the non- 
aromatic ring provides significant steric bulk. 
Note that when considering electronic factors, all 
four open positions on the arene are similarly 
activated, each being either ortho or para to one 
of the alkyl substituents. 

c. Two successive Friedel-Crafts alkylation 
reactions (the first intermolecular and the second 
intramolecular) will form the desired additional 
ring. 
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Now, let’s draw the forward scheme, as described above: 


Cl 
4) Cl 
Br 

© ACh 

2) Bro, AIB 

) Br [3 ON 

3) HNO3, H2SO4 

A 


Cl 
Cl HNOs, 
H5SO 
AlCl du 
Br 
Bro, AIBrs 
————————» 


18.68. These reagents will install a methyl group, and 
the problem statement indicates that three methyl groups 
are installed. Installation of the first methyl group gives 
toluene. Methylation of toluene gives a mixture of 
ortho-xylene and para-xylene. 


© i 
ortho-Xylene 


Benzene Toluene 

para-Xylene 
ortho-Xylene undergoes methylation at C4 because of 
steric factors, while para-xylene undergoes methylation 
at C2 (because all four positions are equivalent). Note 
that when considering electronic factors on the ortho- 
dimethylbenzene intermediate, all four open positions on 
the arene are similarly activated, each being either ortho 
or para to one of the alkyl substituents. Either way, the 
product is the same: 1,2,4-trimethylbenzene 


o : 
-— 


1,2,4-trimethyl 
benzene 


18.69. All three available positions are sterically 
hindered, so bromination of the ring occurs very slowly. 
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18.70. The reagents indicate a bromination reaction, so 
we must decide where the bromine atom will be 
installed. The aromatic ring has two substituents: an 
alkyl group and a carbonyl group. The former is a weak 
activator and the latter is a moderate deactivator. The 
directing effects are controlled by the more strongly 
activating group, but in this case both groups direct to 
the same two psitions. As an activator, the alkyl group is 
an ortho-para director. However, one of the ortho 
positions is already occupied (by the other substituent). 
Therefore, there are only two locations where 
bromination can occur (ortho or para to the alkyl group): 


A 


| 


Among these two locations, one of them is more 
sterically hindered than the other. The reaction is 


18.72. 


expected to occur at the location that is more sterically 
accessible: 


Br 


18.71. The reaction conditions (dilute HoSO4) will 
remove each of the sulfonic acid groups, giving toluene 
as the major product: 


HO3S SO3H 
dilute H;2SO4 
————————» 


SO3H 


(a) The reagent (hydroxide) is a strong nucleophile, and the three criteria for SNAr are met (there is a nitro group and a 
leaving group that are ortho to each other), so we expect an SNAr mechanism. In an SnAr reaction, the nucleophile 
(hydroxide) replaces the leaving group (bromide) and maintains the same location: 


NO; 


1 Br 
2 


NO; 


Í OH 
2 


Under these basic conditions, the product (ortho-nitrophenol) is deprotonated upon its formation (because the resulting 
resonance stabilized phenoxide anion is more stable than hydroxide). In order to return the proton and regenerate 
ortho-nitrophenol, we must introduce a proton source into the reaction flask after the reaction is complete (aqueous 
acidic workup). The problem statement did not mention an acidic workup, so the product is the following salt (the 
conjugate base of ortho-nitrophenol): 

NO2 


Na 


(b) In an SnAr mechanism, the nucleophile (hydroxide) attacks the ring at the position bearing the leaving group, 
giving the following resonance-stabilized intermediate (called a Meisenheimer complex): 


“0.8.09 
- OE 


(c) No reaction is expected to take place. In order for an SNAr reaction to occur, the leaving group must be ortho or 
para to the nitro group. If the leaving group is meta to the nitro group, then the nitro group cannot function as a 
reservoir for electron density to stabilize the intermediate Meisenheimer complex via resonance delocalization.. The 
Meisenheimer complex is therefore too high in energy to form at an appreciable rate. 


(d) Yes, this reaction is expected to proceed. This example meets all three criteria for an SNAr mechanism. The 
aromatic starting material exhibits a nitro group and a leaving group (bromide) that are para to each other. 


18.73. The correct answer is (b). Friedel-Crafts 
reactions cannot be performed with aromatic rings that 
are strongly or moderately deactivated. Options (a) and 
(d) are both activated aromatic rings, and option (c) has a 
halogen, which is a weak deactivator. All three of these 
compounds will undergo Friedel-Crafts reactions. Only 
nitrobenzene is strongly deactivated and therefore, it will 
not undergo Friedel-Crafts reactions. 


18.74. The correct answer is (c). One aromatic ring is 
connected to a carbonyl group (C=O), while the other 
aromatic ring is connected to an oxygen atom. The 
former is moderately deactivated, while the latter is 
moderately activated (as seen in Table 18.1). 


We 


This ring is 
moderately 
activated 


As an activated ring, we expect ortho-para directing 
effects. The reaction will occur predominantly at the 
para position, rather than the ortho positions, because of 
steric factors. 


18.75. The correct answer is (d). Option (a) would 
install a bromine substituent and an ethyl substituent, as 
desired, but the regiochemical outcome would not be 
correct. The two groups would be installed in a para- 
disubstituted fashion, rather than meta-disubstituted: 


Br Br 
Bra EtCI 
AIBrz AICla 


Similarly, option (b) would also install the two groups in 
a para-disubstituted fashion: 


EtCI Bra 
—— ——— 
AlCl AIBra 


Option (c) employs a blocking technique, which would 
install the two groups in an ortho-disubstituted fashion 
(not meta, as desired): 


Br 
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EtCl Fuming 
AlCl, H2504 
Bro SO3H 
AIBr 


Br Br 
Dilute 
«———— ——— 
H5S04 


$03H 


Option (d) employs a Friedel-Crafts acylation, followed 
by bromination at the meta position (consistent with the 
carbonyl group being a meta-director), followed by a 
Clemmensen reduction, giving the desired product. 


i9) i9) 
i9) 
ze Br 
AlCla AIBra 
Br 


J 
HCI 
Br 


18.76. The correct answer is (b). The OH group 
donates electron density by resonance. This makes it an 
activating group for electrophilic aromatic substitution 
reactions and an ortho-para director. 


HOY CS Hoe 0 
Q p 
14 E - 
HO HO 
POEs 
S CP 


18.77. The correct answer is (a). The aromatic ring has 
only one substituent (an isopropyl group), which is an 
electron-donating group and therefore an ortho-para 
director. The ortho positions are more sterically 
hindered, so the nitration reaction in the first step is 
expected to occur predominantly at the para position. 
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The second step is a chlorination reaction. To determine 
where the chlorine atom is installed, recall that the 
directing effects are controlled by the activating group. 
In this case, the isopropyl group is the only activating 
group (albeit weakly activating), so it controls the 
directing effects. The para position is already occupied 
(by the nitro group). Therefore, the chlorine atom is 
installed in a position that is ortho to the isopropyl 


group. 
Cl 


1) HNO3, H2504 OMe 
— 


2) Ch, FeCl, o 
NO? 


18.78. The correct answer is (d). The reagent (sodium 
hydroxide) is a powerful nucleophile, and the three o 
criteria for SnAr are met (a nitro group and a leaving = CI3AI— CI | 
group that are para to each other). To draw the product 
of an SwAr substitution mechanism, we replace the 
chloride leaving group with the hydroxide nucleophile. 


CI 
CO. 1) NaOH 
+ 
No, 2)H30 


Ó 


H 
y OMe 
The three highlighted structures in the mechanism above 
NO were given as options in the multiple-choice problem. 


2 : SUE i 3 : : 
The following cation is not a possible intermediate 


18.79. The correct answer is (a). The Friedel-Crafts 
acylation mechanism begins with the interaction of the 
acid chloride with the AlCl; Lewis acid. The resulting 


because the sigma complex has a proton on the same 
carbon as the added electrophile, so that position cannot 
bear a positive charge: 


complex loses a leaving group to produce an acylium 

ion. The aromatic ring then functions as a nucleophile 

and attacks the acylium ion (we will draw the attack © 
occurring at the para position because that leads to the 

given product). The resulting intermediate sigma 

complex then loses a proton to restore aromaticity. MeO 


18.80. 

(a) The nitroso group is a strong deactivator due to both resonance and induction. Considering induction, both the 
nitrogen and oxygen atoms withdraw electrons. More importantly, the pi-bond conjugated with the benzene ring 
withdraws electron density via resonance, moving electron density toward the highly electronegative oxygen as shown 


below. 
(3^ il 


(b) Given the lone pair of electrons on the nitrogen atom, the sigma complex may be further stabilized through extra 
resonance when the electrophile adds to the ortho or para position. The para-substituted sigma-complex is shown 
below for a nitration reaction, with the participation of the nitrogen lone pair highlighted. 


CHAPTER 18 715 


° i-d TO = 
QNA ^ 3 
I onl — al T 
oO 
H H i 


(c) Ring A is substituted with a nitrogen atom bearing a lone pair of electrons, and is therefore capable of donating 
electron density to the benzene ring via resonance. Thus, it is an activator and an ortho-para director. The nitrogen 
atom that is a substituent on ring B contains a positive charge along with a x bond to oxygen that strongly withdraws 
electrons from the benzene ring through both induction and resonance. This nitrogen atom on B is structurally 
analogous to a nitro group (positive charge on N) and would be expected to be a strong deactivator and meta director. 


Oe: Or: - ] 
amy S 
E] LN—N Us N—N 
XJ © o 
-—— cl A =~ =< 
ZA 
o o 


Since ring A is weakly activated and ring B is strongly deactivated, electrophilic aromatic substitution occurs on ring A 
in either the ortho or para position. Given that there is significant steric hindrance at the ortho position because of the 
large substituent, it makes sense that the major product occurs via para substitution on ring A. 


18.81. The molecular formula indicates five degrees of The upfield signal has an integration of 3, which 
unsaturation. One of these degrees of unsaturation must indicates a methyl group: 

account for the signal in the double bond region of the IR 

spectrum (1680 cm'!). The wavenumber of this signal $— CH; 

indicates that it is likely a C=O bond that is conjugated: 


[e] These three fragments can only be connected in one way: 


y 
; = 


CH3 


In the !'H NMR spectrum of compound A, the signals 


between 7.5 and 8 ppm indicate the presence of an 
aromatic ring, which account for the remaining four 


degrees of unsaturation. This signal has an integration of 
5, indicating a monosubstituted aromatic ring: 


a : Compound A 


(e 
(conjugated) C34 T y 
(e 
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Indeed, the C=O bond is conjugated in this structure. A 
Clemmensen reduction of compound A gives ethyl 


benzene (compound B): 


Compound B 


Oo 


Zn(Hg) 
HCl, heat 


Compound A 


When compound B is treated with Bro and AlBr;, an 
electrophilic aromatic substitution reaction occurs, in 
which a bromine atom is installed on the ring. The 
reaction at the para position is expected to occur more 
rapidly because ortho attack is sterically hindered by the 
ethyl group: 


(major) 


18.82. 
(a) We did not learn a direct method for installing the 
following group on an aromatic ring: 


OH 
p 


So we must identify a group that can be installed and 
then converted into the group above. Notice that the 
atom connected to the aromatic ring is a carbon atom, 
which means that the reaction requires the formation of a 
C-C bond. Therefore, we must use either a Friedel- 
Crafts alkylation or a Friedel-Crafts acylation. The 
alkylation reaction will install an alkyl group, without a 
functional group. In contrast, acylation will form a 
C-C bond and install a functional group in the desired 
location: 


© 
To convert this ketone into the desired product, we must 


introduce a methyl group in a way that converts the 
ketone into an alcohol: 


O OH 
O~ p 
This can be achieved with a Grignard reaction, using 

methyl magnesium bromide. 


Finally, we must consider the order of events. Notice 
that the product has two substituents that are meta to 


each other. This can be achieved if we take advantage of 
the meta-directing effects of the intermediate that 
possesses a carbonyl group. That is, our synthesis would 
begin with a Friedel-Crafts acylation, thereby installing 
the meta-directing acyl group. Bromination then installs 
a bromine atom in the meta position. And finally, a 
Grignard reaction affords the desired product: 


1) CH3COCI, AlCl; Br 
2) Bra, AlBr Bro, AlBra 
3)MeMgBr MeMgBr 

4) HO* 


1) MeMgBr 
2) H30* 


fe (y^ 


(b) We did not learn a direct method for installing the 
following group on an aromatic ring: 


A 


However, in the solution to part (a), we saw how to 
install the following functional group: 


OH 
d 


This functional group can be converted into the desired 
functional group in just one step — dehydration of the 
conc. H5SO4 


alcoho 1 s 
D^ eat ur 


Therefore, we can perform a synthesis similar to the one 
described in the solution to part (a), followed by this 
reaction: 


OH 


conc. H5SO4 


Heat 
Br Br 


The complete synthesis is shown here. Notice that 
bromination is performed prior to acylation, in order to 
install the groups in a para fashion: 


1) Bro, AIBrs 

2) CH3COCI, AlCl 

a 

3) MeMgBr 

4) conc. H2504, Br 

heat 
Br? conc. H2SO4, 
AIBra4 heat 
of 


Uo 


(0) 
pm Br 
Nee y 


Br 


Alternatively, we can install the desired group in an 
entirely different way. Rather than performing a Friedel- 
Crafts acylation, we can perform a Friedel-Crafts 
alkylation to install an isopropyl group, which can then 
be functionalized via benzylic bromination, followed by 
elimination: 


c dn 
|. 
uq 


With this strategy, bromination of the aromatic ring is 
performed after installation of the isopropyl group, 
which allows us to employ the directing effects of the 
large isopropyl group to install the bromine atom 
primarily in the para position. 

This alternative synthesis is summarized here: 


18.84. 
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1) (CH3);CHBr, AIBrs 


2) Bro, AlBra 
3) NBS, heat 
4) NaOEt Br 
(CH3)sCHBr, AlBra NaOEt 
Br 
Br 
Bro, AIBrs NBS, 
heat 


Br 


18.83. 
(a) The alkyl halide can interact with the Lewis acid to 
produce a carbocation: 


it ©.. ACh 
“CE H ws 
gh up 


The carbocation is planar, so the aromatic ring can attack 
either face of the carbocation, with equal likelihood. As 
a result, a Friedel-Crafts alkylation with this optically 
active alkyl halide is expected to produce a racemic pair 


of enantiomeric products: 


AlCla “AIC o 


ANZ 


ead 


(b) As explained in the solution to part (a), the reaction 
proceeds via a carbocation intermediate, which can be 
attacked from either face, leading to a racemic mixture. 
Therefore, the product mixture is optically inactive. 


The OH group activates the ring toward electrophilic aromatic substitution because the OH group donates electron 


density via resonance. 


9 ; CS 
—É Gz a «t ——— E X 


e B 
OH :OH 
> 


This effect gives electron density primarily to the ortho and para positions, as seen in the resonance structures above. 
These positions are shielded, and the protons at the ortho and para positions are expected to produce signals farther 
upfield (lower ppm) than protons at the meta position. Therefore, the meta protons correspond with the signal at 7.2 


778 CHAPTER 18 


18.85. The upfield signal has an integration of 3, and 
must correspond with the methyl group that is attached 
to the ring. The other signal (downfield) must 
correspond with aromatic protons. Since that signal has 
an integration of 2, the aromatic ring bears only two 
protons, which means that three nitro groups must have 
been installed. 

The methyl group of toluene is an ortho-para director, 
and as such, nitration is expected to occur at the ortho 
and para positions. Each successive nitro group 
deactivates the ring, thereby requiring a higher 
temperature in order to install the next nitro group. At 
high enough temperature, all three positions will undergo 
nitration, giving 2,4,6-trinitrotoluene (also called TNT): 


ON NO; 


NO» 
2,4,6-trinitrotoluene 


Note that the two aromatic hydrogen atoms in the 
product are equivalent, consistent with the one downfield 
signal. 


18.86. 

(a) A phenyl group is an ortho-para director, because the 
sigma complex formed from ortho attack or para attack 
is highly stabilized by resonance (the positive charge is 
spread over both rings). The ortho position is sterically 
hindered while the para position is not, so we expect 
nitration to occur predominantly at the para position: 


HNO 
H5S0, 


(b) This carbonyl-bearing substituent withdraws electron 
density form the ring via resonance (three of the 
resonance structures of this compound exhibit a positive 
charge in the ring). As a result, this group is a moderate 
deactivator, and therefore a meta director: 


18.88. 


O2N SS 


18.87. Each of the chlorine atoms in the dichloride can 
interact with AlCl and initiate a Friedel-Crafts 
alkylation process. During the first alkylation process, a 
tertiary benzylic carbocation can form via a hydride 
shift: 


eue: 
ChAl—Cl f 
VU 
Cl (e 


This carbocation is then attacked by benzene in an 
electrophilic aromatic substitution reaction, giving the 


following: 
CI | 


This compound still has one more chlorine atom, 
allowing for the second alkylation process. Once again, 
the second alkylation occurs in a similar fashion (via a 
tertiary, benzylic carbocation), but this time, the 
electrophilic aromatic substitution reaction proceeds in 
an intramolecular fashion: 


E — sigma 2 gs product 
le complex 


The following product is therefore expected: 


Formaldehyde is protonated to give a resonance-stabilized cation that can serve as an electrophile in an 


electrophilic aromatic substitution reaction. Phenol functions as the nucleophile and attacks the electrophile, giving a 
resonance-stabilized intermediate (sigma complex). Water can then serve as a base and remove a proton from the 


sigma complex, thereby restoring aromaticity: 
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OH 


H 
| 
2 b DoS @ -H UH 
— E — 
H^ ^H H^ ^H HOH 


H OH 


The resulting compound bears an OH group connected to a benzylic position. This OH can be protonated under acidic 
conditions, followed by loss of water as a leaving group to give a resonance-stabilized, benzylic carbocation. This 
carbocation can then serve as an electrophile in an electrophilic aromatic substitution reaction. Phenol functions as the 
nucleophile and attacks the electrophile, giving a resonance-stabilized intermediate (sigma complex). Water can then 
serve as a base and remove a proton from the sigma complex, thereby restoring aromaticity. This process continues, 
ultimately giving the structure of Bakelite 


:OH 
H 
OH | OH fue 
Coe 
d wis (©) 


7 H. 
HÓ H H ap A - H20 
H 
® 
OH OH OH OH OH OH OH 
Ə e 
O-O Cs OO OS OO 
e 
"Oo 
AU 
H H OH OH 
OH OH 3 


Bakelite 


18.89. A tert-butyl group is removed from the ring and replaced with a proton, in what appears to be the reverse of an 
electrophilic aromatic substitution reaction. As such, we expect the reaction to proceed via an intermediate sigma 
complex. First, the aromatic ring is protonated to give a sigma complex. Water then functions as a base and removes a 
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proton in an elimination-type reaction, where the leaving group is an aromatic ring. This step restores aromaticity, and 
produces isobutylene as a byproduct: 
H 


l 4 
HO weld HO HO 
H^ ^u "8 
<=> 
H H 
© 


| 


e 
HO 20€ MS © H-O 
H^'^H a. 
Nec H H 


A 


18.90. The amino group in N,N-dimethylaniline is a strong activator, and therefore, an ortho-para director. For this 
reason, bromination occurs at the ortho and para positions. However, in acidic conditions, the amino group is 
protonated to give an ammonium ion: 


Unlike the amino group, an ammonium ion is a strong deactivator and a meta director. Under these conditions, 
nitration occurs primarily at the meta position 


H 

HC, .. CH | 
PANAS HC—NS-CH; 
ortho-para director meta-director 


18.91. Attack at the C2 position proceeds via an intermediate with three resonance structures: 
e 
Qo —J|ep — A —O^ 
A = = 


In contrast, attack at the C3 position proceeds via an intermediate with only two resonance structures: 


O OF, ne 
Tl eee A 
= H H 


The intermediate for C2 attack is lower in energy than the intermediate for C3 attack. The transition state leading to the 
intermediate of C2 attack will therefore be lower in energy than the transition state leading to the intermediate of C3 
attack. Asa result, C2 attack occurs more rapidly. 
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18.92. In all cases, the X substituent is a methoxy group. It is the Y substituent that varies in identity. It is difficult to 
imagine that there could be a steric effect here, since the Y substituent is far away from the alkene x bond. The trend is 
more easily explained when we consider the electronic effect of the Y substituent. Specifically, the methoxy group (a 
powerful activator) can donate electron density via resonance into the alkene x bond, making it the most nucleophilic x 
bond among the disubstituted stilbenes. A methyl group is only weakly activating, so its effect should be smaller than 
the effect of a methoxy group (giving a smaller rate constant). A chloro group is a weak deactivator, which means that 
the net effect of the chloro group is to withdraw electron density from the aromatic ring and the conjugated alkene x 
bond. Asa result, when Y = Cl, the rate constant is smaller than the rate constant when Y = Me. Finally, the nitro 
group is powerfully electron-withdrawing, via resonance, and it will significantly reduce the nucleophilicity of the 
alkene x bond, rendering it the least reactive double bond towards molecular bromine. 


18.93. 

(a) In aqueous acidic conditions, compounds 1 and 2 lose tritium via an electrophilic aromatic substitution reaction. 
First, the aromatic ring is protonated to give a resonance-stabilized sigma complex, which then undergoes loss of T* 
(rather than H^) to re-establish aromaticity. Notice that the methoxy groups render the sigma complex particularly 
stable, because the positive charge is spread over the oxygen atoms as well (via resonance). 


R Hh R 
sa nto H H H 
H T E T T 
-—— <x 
H3CO OCH H3CO OCH HCO OCH H3CO OCH 
3 3 3 3 3 2] 3 3 SJ 3 
R 
H 
Ge 
<=> 
H3CO CH3 H3CO poer. _| 


(b) Compound 2 has an extra methoxy group that is absent in compound 1. This group further stabilizes the 
intermediate sigma complex by introducing one more resonance structure (highlighted below). That is, the positive 


charge is further delocalized: 
EA e 
:OCH OCH 
£e M. 
I T T 
= 
H3CO OCHs H3CO OCHs 


OCH3 OCH; 


OCH; 
H H H 
Ch E 
QuLE 
H3CO OCH, H3CO toon. Haco OCH; 


When compound 2 undergoes an electrophilic aromatic substitution reaction, the intermediate sigma complex exhibits a 
positive charge that is spread over three carbon atoms and three oxygen atoms. This intermediate is more stable than 
the intermediate formed when compound 1 undergoes an electrophilic aromatic substitution reaction. A more stable 
intermediate is associated with a lower-energy transition state, so it is therefore expected that compound 2 will lose 
tritium at a faster rate than compound 1. 


OCH; 


H 
ee 
= 
HCO OCH; 


| 
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18.94, 

(a) This is a reaction between a strong nucleophile (the terminal alkynide ion) and a nitro-substituted benzene ring, 
from which a halide is expelled. This satisfies the criteria for a nucleophilic aromatic substitution mechanism, as shown 
below. The alkynide ion attacks the carbon atom attached to fluorine, producing a resonance-stabilized Meisenheimer 
complex, which loses a fluoride leaving group to give the product. 


Cl an Cl TA 
CI .9 9 9 
: Cx N ^99 eC N ^99 
NO; So Q. 0. 
+ — <> 
UE ES FOS 
OMe | OMe 
Ci o Cl qo Cl i09 
(©) ® ®© 
"ge NS ge ONS 50 
E : (E CSc, i FSG, : 
OMe OMe OMe 


(b) The observed regiochemical outcome (that the fluoride is substituted and not the chloride, even though chloride is a 
better leaving group) indicates that the departure of the leaving group does not occur in the rate determining step. The 
leaving group leaves in step 2, so step 1 must be rate determining. In other words, the poor ability of fluoride to serve 
as a leaving group does not affect the rate of the reaction, since this occurs in the step that is not rate determining. 

In the first step, the nucleophile prefers to attack the carbon atom attached to fluorine because of its greater 
electrophilicity (due to fluorine's greater electronegativity) relative to the carbon next to chlorine. 


18.95. Each of the three nitro groups is conjugated with the aromatic ring, and as a result, each of the C-N bonds has 
some double-bond character. The following resonance structure illustrates this for one of the nitro groups: 


NO NO 
es 4 es 2 
\ N 
GN | -——- ON ( 9 1 —- etc 
//. Ex 7 
oD dB 

NO5 NO2 


There are three nitro groups. Two of them are ortho to the very large iodo group. The size of the electron cloud 
associated with the iodo group offers steric strain that forces these two nitro groups out of planarity with the ring, in 
order to alleviate some of the strain. This results in reduced overlap of the p orbitals, and consequently, the resonance 
effect is diminished. As such, the C-N bonds of these two nitro groups will have less double-bond character. In 
contrast, the nitro group that is para to the iodo group is coplanar with the ring, and its C-N bond has significant 
double bond character (see the resonance structure above). This additional C=N character leads to a shorter bond, as is 
characteristic of double bonds. 


18.96. Sodium amide (NaNH)z) is a strong base, and under these conditions, a proton is abstracted from the nitrogen 
atom of 1 (pKa ~ 30) to generate anion 3. This nitrogen atom will be re-protonated upon workup with water. It might 
seem unnecessary to draw this deprotonation step (only to protonate this same location at the end of the mechanism), 
but this step must be drawn to indicate that you understand that this proton is sufficiently acidic that it will not survive 
under these conditions (because anion 3 is resonance-stabilized). Next, deprotonation of the brominated benzene ring 
will produce 4, which loses a bromide ion to form benzyne 5. This intermediate is then trapped by the nearby aromatic 
ring to form anion 6. Proton transfer will produce imine 7, which can be rearomatized by the loss of a proton to form 
anion 8. In the final step, protonation of 8 will form compound 2. Note that the steps to convert intermediate 5 into 
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intermediate 8 are consistent with two of the main reactions classes we have learned in this chapter: an electrophilic 
aromatic substitution reaction, and an elimination-addition. 


Br 9 Br CASEIN S 
MeO H EI P CNH MeO [s O > S- o 
N: Ne 


ÓCH;Ph 1 OCH;Ph 3 OCH;Ph 4 


N 


O O | 

MeO awl p MeO. Xu. oe 
TAT = OB 
Ni 
MeO "O 


OCH;Ph 5b OCH;Ph 5a 


OCH;Ph 7 


18.97. 
(a) An analysis of the reactant and the minor product reveals that during the course of the reaction, a new C-C bond 
forms between the two carbon atoms indicated below. 


2 zN Cae 


New C-C bond forms between minor product 
these two carbon atoms. 


Likewise, in the formation of the major product, an analogous new C-C bond forms after rotation around the C-C bond 
indicated below. 


eS © on 
x rotate i£] 
E MeO | BS MeO | | 


OMe 


A 


New C-C bond forms between major product 
these two carbon atoms. 
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A mechanism for the formation of the minor product is presented below. The alkyne attacks ICI, resulting in the 
formation of a new C-I bond, and a vinyl carbocation (see below for a justification for formation of a vinyl carbocation 
in this case). This carbocation then serves as an electrophile in an intramolecular electrophilic aromatic substitution. 
The z electrons from the methoxy-substituted ring attack this carbocation, resulting in the formation of a new C-C 
bond, and a resonance-stabilized sigma complex. This intermediate is highly conjugated and has at least seven 
reasonable resonance structures in addition to the four shown. Deprotonation of the sigma complex restores 
aromaticity, thus yielding the minor product. 


al 
o —— 
eds 


er 


OMe 


( ) eS 
OMe e 
minor product ze + several 
additional 
resonance 
structures 


A mechanism to account for the formation of the major product is given below. Each step is analogous to the 
mechanism presented above. 


D ccs 
Som 


major product 


MeO 


MeQ. 
QJ 


* several 
additional 
resonance 
structures 


In Chapter 9, we noted that vinyl carbocations are not very stable, and thus we should consider whether or not our first 
intermediate is a reasonable one. In this case, the vinyl carbocation is a reasonable intermediate, because it is stabilized 
by the adjacent aromatic ring, as demonstrated by the following resonance structures. 
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Alternatively, it would also be plausible to suggest a mechanism involving an iodonium ion, rather than a vinyl 
carbocation. In that case, the mechanism for formation of the major product would be as follows: 


Es 
Q r 
MeO 


major product 


Með 
QJ 


* several 
additional 
resonance 
structures 


Formation of the minor product might also occur in this way, via an iodonium ion, rather than a vinyl carbocation. 


(b) In the formation of each of the products, we should take into account both electronic and steric considerations. In 
the formation of the minor product, the new C-C bond is ortho to the methoxy group. In contrast, the new C-C bond is 
para to the methoxy in the formation of the major product. Both of these products are thus consistent with the methoxy 
group serving as an ortho-para director. The predominance of the major product can be explained by the increased 
steric accessibility of electrophilic carbocation to the position para to the methoxy group. 


18.98. The first steps of the mechanism are two successive proton transfers to form the dication 2. In each of these 
steps, triflic acid is the source of the proton. The amine is protonated first, to give an ammonium ion. If we compare 
the pKa values of triflic acid (-14) and a typical ammonium ion (~10), we see that this proton transfer step is effectively 
irreversible, thus the irreversible reaction arrow for that step. Then, another proton transfer step generates the dication. 
Notice that protonation of the carbonyl group occurs as the second step, after protonation of the amine, because a 
protonated carbonyl group is a highly acidic species (pKa ~ —7), relative to an ammonium ion. 

Once the highly electrophilic dication intermediate is formed, an electrophilic aromatic substitution reaction occurs, in 
which benzene functions as the nucleophile. The resulting intermediate sigma complex is deprotonated to restore 
aromaticity. Under these acidic conditions, the hydroxyl group is protonated, generating an excellent leaving group 
(water), which leaves to give a resonance-stabilized benzylic carbocation (resonance structures not shown). This 
benzylic carbocation then functions as an electrophile in a second electrophilic aromatic substitution reaction. Finally, 
the resulting sigma complex is then deprotonated to restore aromaticity, thereby producing ammonium ion 3. 
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18.99. 

(a) A reasonable mechanism for the conversion of 1 to 2 is shown. In the first step, n-butyllithium functions as a base 
and deprotonates the amine to produce a resonance-stabilized anion (resonance structures not shown). Boron 
trichloride serves as a Lewis acid in the next step, accepting an electron pair from the nucleophilic nitrogen atom, 
giving the Lewis acid — Lewis base complex. Subsequent loss of a chloride ion gives the compound 2. 


Cl 
HÊ ae | 


Cl 
H BCh BCh 
—> —> © —> 
A oo a | [p ry | P 
1 2 


resonance-stabilized 
intermediate 


A mechanism for the final step is shown below. Overall, this step constitutes two subsequent electrophilic aromatic 
substitution reactions, resulting in the formation of two new B-C bonds. Addition of aluminum trichloride, a Lewis 
acid, serves to enhance the electrophilicity of the boron by forming a complex with one of the chlorine atoms. The 
boron is then attacked by one of the pendant arenes, with subsequent loss of AlCl4 and formation of a resonance- 
stabilized sigma complex (several, but not all, of the many resonance structures are shown). Deprotonation with 
AlCl, restores aromaticity, giving a neutral intermediate. An identical sequence of mechanistic steps (complexation 
with AICls, attack of the arene, loss of AlCl4 and deprotonation) results in the formation of the second B-C bond, thus 
producing compound 3. 
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(b) Each of the four peripheral rings is clearly aromatic. 


ag 
ac 


For the two central rings, the boron and nitrogen are both expected to be sp?-hybridized, with boron having an empty p- 
orbital and nitrogen holding its lone pair in a p-orbital. As such, each central ring exhibits a continuous system of 
overlapping p orbitals with a total of 6 m electrons, thus fulfilling the criteria for aromaticity: 
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0 x electrons 


» 


2 1 electrons — Ú 


2 7 electrons ——> ANS 
» 


S 


2 n electrons 


Therefore, all six rings are aromatic, providing for one extended aromatic system that is electronically similar to the 


following polycyclic aromatic compound: 


(c) In part b, we determined that we expect both central rings in 3 to be aromatic, and as such, we would expect the 
entire molecule to be planar. The observation that the central two rings are twisted (non-planar) indicates that the 
central rings actually have limited aromatic character, despite the fact that they have the right number of z electrons to 
be aromatic. There must be something causing the rings to twist out of planarity. This can be explained by the steric 
repulsion between the indicated hydrogen atoms shown in the structures below. A slightly twisted structure avoids this 


repulsive interaction. 
Ces 
N 
EL 


This steric interaction is very similar to the steric interaction in diphenylmethane, causing it to adopt a non-coplanar 
conformation, as seen in the BioLinks application at the end of section 17.5 (The Development of Non-Sedating 
Antihistamines). 


Chapter 19 
Ketones and Aldehydes 


Review of Concepts 

Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 19. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e The suffix “ ” indicates an aldehydic group, and the suffix “ " is used for ketones. 
e  Theelectrophilicity of a carbonyl group derives from effects, as well as effects. 
e A general mechanism for nucleophilic addition under basic conditions involves two steps: 
1) nucleophilic attack 
2) 
e The position of equilibrium is dependent on the ability of the nucleophile to function as a 
e  Inacidic conditions, an aldehyde or ketone will react with two molecules of alcohol to form an 
e The reversibility of acetal formation enables acetals to function as groups for ketones or 
aldehydes. Acetals are stable under strongly conditions. 
e In acidic conditions, an aldehyde or ketone will react with a primary amine to form an 
e  [nacidic conditions, an aldehyde or ketone will react with a secondary amine to form an 
e Inthe Wolff-Kishner reduction, a hydrazone is reduced to an under strongly basic GoldioRs: 
° of acetals, imines, and enamines under acidic conditions produces ketones or 
aldehydes. 
e In acidic conditions, an aldehyde or ketone will react with two equivalents of a thiol to form a 


e When treated with Raney nickel, thioacetals undergo desulfurization to yield a group. 

e When treated with a hydride reducing agent, such as lithium aluminum hydride iar or sodium 
borohydride (NaBHa), aldehydes and ketones are reduced to 

e The reduction of a carbonyl group with LiAlH4 or NaBH; is not a reversible process, because hydride does 
not function as a 

e When treated with a Grignard reagent, aldehydes and ketones are converted into alcohols, accompanied by 
the formation of a new bond. 

e Grignard reactions are not reversible, because carbanions do not function as 

e When treated with hydrogen cyanide (HCN), aldehydes and ketones are converted into 
For most aldehydes and unhindered ketones, the equilibrium favors formation of the 

e The Wittig reaction can be used to convert a ketone to an ; 

e =A Baeyer-Villiger oxidation converts a ketone to an by inserting 
next to the carbonyl group. Cyclic ketones produce cyclic esters, called 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 19. The answers appear in the section entitled SkillBuilder Review. 


19.1 Naming Aldehydes and Ketones 


Provide a systematic name for the following compound: 


1) Identify the parent 
2) Identify and name substituents 


3) Assign locants to each substituent 
4) Alphabetize 
Ò 5) Assign configuration 
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CHAPTER 19 
19.2 Drawing the Mechanism of Acetal Formation 
Draw a mechanism for the acid-catalyzed conversion of a ketone to a hemiacetal. 
Make sure to draw all curved arrows and intermediates. 
"o^ H—AO R-O-H IA :ÓH 
—— M 
——— sie 
A DE 
Draw a mechanism for the acid-catalyzed conversion of à hemiacetal to an acetal. 
Make sure to draw all curved arrows and intermediates. 
:OH H-AO -H0 R-O-H ZA :OR 
M i 
"wt OR DOR 
19.3 Drawing the Mechanism of Imine Formation 
Draw a mechanism for the acid-catalyzed conversion of a ketone to a carbinolamine. 
Make sure to draw all curved arrows and intermediates. 
me e :0H 
"o R-NH2 H—A tA 
— weve H 
y 
R 
Draw a mechanism for the acid-catalyzed conversion of a carbinolamine to an imine. 
Make sure to draw all curved arrows and intermediates. 
:OH H—AO -HÒ R—NH3 Rav 
——— — — — — —n— 
R 
19.4 Drawing the Mechanism of Enamine Formation 
Draw a mechanism for the acid-catalyzed conversion of a ketone to a carbinolamine. 
Make sure to draw all curved arrows and intermediates. 
TN N © :OH 
“O° R>NH H-A “A 
eee, c NIS I R 
a 
R 
Draw a mechanism for the acid-catalyzed conversion of a carbinolamine to an enamine. 
Make sure to draw all curved arrows and intermediates. 
Po t R. UR 
:OH H—A4O -H20 R2NH N 
—— — n 
T^ — 
R 
19.5 Drawing the Products of a Hydrolysis Reaction 
Draw the products expected Step 1 Identify the Step 2 Identify the carbon Step 3 Determine the 
when the following compound bond(s) expected to atom that will become a identity of the other 
is treated with aqueous acid. undergo cleavage. carbonyl group. fragment(s). 
oe d 
N 


o 
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19.6 Predicting the Major Product of a Wittig or HWE Reaction 


Example Step 1 Identify the Step 2 Determine Step 3 Draw the alkene 
o nucleophile and whether the Wittig product with the appropriate 
electrophile. reagent is stabilized. stereochemistry. 
CH3 
H 
/ 
PhaP—C 
CH35CHs3 


19.7 Proposing a Synthesis 


Begin by asking the following two | Perform a retrosynthetic analysis, considering all of the C-C bond-forming reactions 
questions: and all of the C-C bond-breaking reactions that you have learned so far. 
1) Is there a change in ne C-C bond-forming reactions in this chapter: 


2) Is there a change in the - 
? - 


C-C bond-breaking reactions in this chapter: 


Review of Reactions 

Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 19. The answers appear in the section 
entitled Review of Reactions. 


HO OH O O 


^ n 
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Review of Mechanisms 

Complete each of the following mechanisms by drawing the missing curved arrows. To verify that your 
curved arrows are drawn correctly, compare them to the curved arrows in the mechanism boxes for 
Mechanisms 19.1 — 19.14, which can be found throughout Chapter 19 of your text. 


Mechanism 19.1 Nucleophilic Addition under Basic Conditions 


1 
VO 
9 n ZON :ÓH 


Mechanism 19.5 Acetal Formation 


i OH or :OH :OH 
O H-A® 0 R `H "E 
A Jl ue c efi 
9 Q 
R 
H-A® 
H.&,R H.O.H 
O ZOS men O 


OR ZA : RDH -H20 : 
E E p E 
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Mechanism 19.6 Imine Formation 


| eo 24 
NS :0: OH OH 
OQ H^ ^R I H—-A® d :A : 
ghee ww F Nn wm Nu wt NT 
R R R 
H-A 
A H.O,R H.-H 
N tA N —H,0 O 
| 
R 
Mechanism 19.7 Enamine Formation 
:ÖH 
tA 
wm N-R 
| 
R 
H-49 
H © H 
— H5O O: 
efi 
| 
R 
Mechanism 19.8 The Wolff-Kishner Reduction 
i i i 
-N O.. ON: oN: 20k ate 
“NIOH :OH “NIO "NT H H H “NEN. 
<=> * 
P PME AX. 
©.. 
:OH 
ZO ES 
H H HH H -Nə H “N=N° 
— E 
© 
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Mechanism 19.9 Hydrolysis of Acetals 


oo Ò ..O = » 
"o ICZN: Hen H—CZN: :OH 


eos ef 


Mechanism 19.13 The Wittig Reaction 


Ph 
Cer eG Pho 1, Ph 


"o Ph H DR O 
ea a Gar” 
X n Ph |^ Ph 
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Mechanism 19.14 The Baeyer-Villiger Oxidation 


" o o 
\—R \=R 
on H. 9 ZO 
L H—A bi H tot. oe e e 
=- H—O, :O—H H-Ó. 9 
R^ ^R R^ ^R DA 
R^ ^R R^ ^R 


Common Mistakes to Avoid 


This chapter covers many reactions, including the formation of acetals: 


[H*], 


I 
O 
o 
I 
Do 


R R - H20 R 
(R = Hor alkyl group) 


This reaction is covered in the context of the reactivity of ketones and aldehydes. The same reaction does 
not occur for other compounds containing a carbonyl group, such as esters: 


FN 
n 5 4 O_O 
can Be oR 


an ester 


Students often make this mistake, assuming that acetal formation will work for esters, just as it does for 
ketones. It does not. This is a common mistake, and it should be avoided. 
As another example of a reaction that is often applied in the wrong context, consider the Wittig reaction. 


JL Wittig reaction all. 
rr 


R R R R 


a ketone 
or aldehyde 


Once again, Chapter 19 covers this reaction in the context of the reactivity of ketones and aldehydes. You 
cannot assume that the same reaction will occur for other compounds containing a carbonyl group, such as 


esters: 
j J 
e > < R^ ~OR 


an ester 
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Students often make this type of mistake, by applying a reaction outside of the scope in which it was 
discussed. Try to avoid doing this. Whenever we cover a reaction that applies to ketones and aldehydes, 
you cannot assume that it will apply to esters (or any other functional group, for that matter). 


Useful reagents 


The following is a list of reagents encountered in this chapter: 


Reagents Type of Reaction Description 
Bvdrolvsis ofacetals Treating an acetal, an imine, or an enamine 
H30* uid à with H3O* generates a carbonyl group via 
imines, or enamines : 
hydrolysis. 
Conversion of an aldehyde or ketone into an 
acetal. The acetal group can be used to 
[H*], 2 ROH protect aldehydes and ketones. The acetal 
in " : Acetal formation | group is stable to basic conditions but is 
= 112 


removed when subjected to aqueous acidic 
conditions to regenerate the carbonyl group (a 
process called hydrolysis). 


[H*], HOCH;CH;OH, 
- H0 


Cyclic acetal 
formation 


Ethylene glycol can be used to convert an 
aldehyde or ketone into an acetal. The acetal 
group can be used to protect aldehydes and 
ketones. The acetal group is stable to basic 
conditions but is removed when subjected to 
aqueous acidic conditions to regenerate the 
carbonyl group (a process called hydrolysis). 


[H*], HSCH;CH;SH, 


Cyclic thioacetal 


Ethylene thioglycol can be used to convert an 


(- H20) formation aldehyde or ketone into a cyclic thioacetal. 
Raney nikel Desulfurization Converts a thioacetal (or cyclic thioacetal) to 
an alkane. 
A primary amine (or ammonia) converts an 
[H*], RNH> aldehyde or ketone into an imine. The imine 
i i Imine formation | group is removed when subjected to aqueous 
(- H20) acidic conditions to regenerate the carbonyl 
group (a process called hydrolysis). 
A secondary amine converts an aldehyde or 
[H*], RENH ketone into an enamine. The enamine group 
i , Enamine formation | is removed when subjected to aqueous acidic 
(- H20) conditions to regenerate the carbonyl group (a 
process called hydrolysis). 
[H*], NH2OH, f j . ; 
C H0) Oxime formation Converts an aldehyde or ketone into an oxime. 
— Hy 
[H*], NH2NHp, Hydrazone formation | Converts an aldehyde or ketone into a 
(— H20) y hydrazone. 


NaOH, H20, heat 


Wolff-Kishner 
reduction 


Reduces a hydrazone to an alkane. 
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1) LiAIH. 
) : Reduction Reduces an aldehyde or ketone to an alcohol. 
2) H;O* 
When an aldehyde or ketone is treated with a 
1) RMgBr Grignard reagent (followed by aqueous acidic 
>) H.O Grignard reaction workup), a carbon-carbon bond-forming 
) HsO reaction occurs, giving an alcohol that exhibits 
the newly formed C-C bond. 
HCN. KCN Cyanohydrin Converts an aldehyde or ketone into a 
; formation cyanohydrin. 
When an aldehyde or ketone is treated with a 
Wittig reagent, a carbon-carbon bond-forming 
H, INS He reaction occurs, giving an alkene that exhibits 
OC—PPh; <*> C-—PPhs Wittig reaction the newly formed C=C double bond in the 
R R 8 location of the former carbonyl group. If R is 


Wittig reagent 


a simple alkyl group, such as methyl or ethyl, 
then the (Z) alkene is generally observed to be 
the major product. 


T " A stabilized Wittig reagent that will react with 
PhP JL. Wittig reaction an aldehyde or ketone to give the (£) alkene 
ps OMe ; 
Ph 6 as the major product. 
" o HWE reaction A HWE reagent functions like a stabilized 
A Wittig reagent. It will react with an aldehyde 
MeO—P (Horner-Wadsworth- . : 
Aber OMe or ketone to give the (E) alkene as the major 
MeO 6 Emmons) 
product. 
Converts a ketone into an ester (via insertion 
Baeyer-Villiger of an oxygen atom). Converts an aldehyde 
RCO3H ae : WU aiio i : 
oxidation into a carboxylic acid (via insertion of an 
oxygen atom). 
Solutions 
19.1. 


(a) We begin by identifying the longest chain that 
includes the carbon atom of the carbonyl group. In this 
case, the parent is a chain of six carbon atoms, with the 
carbonyl group at C1, so the parent is hexanal. Next, we 
identify the substituents. There are four: two methyl 
groups (both at C2) and two bromine atoms (both at C5). 
Finally, we assemble the substituents alphabetically, 
giving the following name: 


6 4 
5 1H 


Br Br Ó 
5,5-dibromo-2,2-dimethylhexanal 


(b) We begin by identifying the longest chain that 
includes the carbon atom of the carbonyl group. In this 
case, the parent is a chain of six carbon atoms, with the 
carbonyl group at C2, so the parent is 2-hexanone. Next, 
we identify the substituents. There are three, all of 
which are methyl groups, located at C3, C4 and C5. We 
then assign a configuration to each of the chiral centers, 
giving the following name: 


(SR,4S)-3,4,5-trimethyl-2-hexanone 


(c) We begin by identifying the parent. In this case, the 
carbonyl group is part of a five-membered ring, so the 
parent is cyclopentanone. In a cyclic ketone, the 
carbonyl group is at Cl (by definition). Next, we 
identify the substituents. There are four, all of which are 
methyl groups (two at C2 and two at C5), giving the 
following name: 
(0) 


Q 


2,2,5,5-tetramethylcyclopentanone 


(d) We begin by identifying the longest chain that 
includes the carbon atom of the carbonyl group. In this 
case, the parent is a chain of five carbon atoms, with the 
carbonyl group at C1, so the parent is pentanal. Next, we 
identify the substituents. There is only one substituent: a 
propyl group at C2, giving the following name: 


2-propylpentanal 


(e) A cyclic compound containing an aldehyde adjacent 
to the ring is named as a cycloalkane carbaldehyde. In 
this case, the aldehyde group is connected to a four- 
membered ring (cyclobutane), giving the following 


name: 
O 


cyclobutanecarbaldehyde 


19.2. 

(a) The name ($)-3,3-dibromo-4-ethylcyclohexanone 
indicates that the parent (cyclohexanone) is a six- 
membered ring, with a carbonyl group incorporated in 
the ring (a cyclic ketone). There are three substituents: 
two bromine atoms (both at C3) and an ethyl group (at 
C4). The chiral center at C4 has the S configuration: 


(0) 


p 


Br 


(b) The name 2,4-dimethyl-3-pentanone indicates that 
the parent (3-pentanone) is a chain of five carbon atoms, 
with the carbonyl group at C3. There are two 
substituents (both methyl groups), located at C2 and C4, 
as shown: 
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(c) The name (R)-3-bromobutanal indicates that the 
parent (butanal) is a chain of four carbon atoms, with the 
carbonyl group at C1 (by definition). There is only one 
substituent (Br), located at C3, which exhibits the R 
configuration, as shown: 


19.3. 

(a) The parent is a six-membered ring with two carbonyl 
groups (a dione) The locants indicate the relative 
positions of the carbonyl groups (C1 and C3): 


Oz i „O 
1,3-cyclohexanedione 


(b) The parent is a six-membered ring with two carbonyl 
groups (a dione). The locants indicate the relative 
positions of the carbonyl groups (C1 and C4): 


AS 


1,4-cyclohexanedione 


(c) The parent is a chain of nine carbon atoms, for which 
three of the carbon atoms are carbonyl groups (a trione). 
The locants indicate the relative positions of the carbonyl 
groups (C2, C5, and C8): 


2,5,8-nonanetrione 


19.4. 

(a) To draw a complex molecule when given a complex 
name, it helps to start at the end and work backwards. 
First, draw the parent compound (methanone = a one- 
carbon ketone). Next, draw the substituents. There are 
two substituents in this case: phenyl and (2-hydroxy-4- 
methoxyphenyl. Draw the complex substituent by 
starting with a phenyl group and then adding the hydroxy 
and methoxy groups at the appropriate positions (recall 
that the point of attachment to the parent chain is defined 
as carbon #1 of the substituent). You may recognize that 
another possible name for this compound is 2-hydroxy- 
4-methoxybenzophenone. 
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parent = 
methanone 


2-hydroxy — OH | O 


2 
4-methoxy 3 
(2 
CH30° 4 y 


\— 
(2-hydroxy-4-methoxyphenyl) phenyl 


(b) Following the same approach, we begin by drawing 
the parent, propane-1,3-dione, a three-carbon ketone 
with carbonyl groups at positions 1 and 3. Next to one 
carbonyl group, we place a phenyl substituent with a 
methoxy group on carbon 4. Next to the other carbonyl 
group, we draw a phenyl substituent with a 1,1- 
dimethylethyl group (also known as a t-butyl group) at 
carbon 4. Note: the systematic use of the parentheses 
should clarify the position of the entire tert-butylpheny1 
substituent on the parent diketone compound (e.g. “3”) 
as well as the position of the tert-butyl “sub-substituent” 
on the phenyl substituent (the “4” or para position). 


parent = 
propane-1,3-dione 
[4-(1, 1-dimethylethyl) phenyl] 


ie] (0) 


CH30 1 
Y 2 
(4-methoxyphenyl) 
(1,1-dimethylethyl) 


19.5. 

(a) Oxidation of a secondary alcohol (to give a ketone) 
can be achieved with chromic acid (H2CrO4), which is 
prepared by mixing sodium dichromate (Na2Cr207) and 
aqueous sulfuric acid. Alternatively, PCC, DMP, or 
Swern conditions can affect this transformation. 


on on 
(b) Oxidation of a primary alcohol (to give an aldehyde) 


can be achieved upon treatment with PCC, or upon 
treatment with DMP, or via a Swern oxidation: 


N aC r207 
H5SO,, HO 
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PCC 
CH;CI 
OH 7 P UNE [e 


DMP, CHCl H 
— 
1) DMSO, 
NM (COCl JZ 
2) E&N 


(c) A terminal alkyne can be converted into a methyl 
ketone upon acid-catalyzed hydration in the presence of 
mercuric sulfate: 


G 


CQ 


(d) A terminal alkyne can be converted into an aldehyde 


via hydroboration-oxidation: 
H 
on 


(e) A C=C bond can be cleaved into two carbonyl groups 
via ozonolysis. In this case, the ring is opened to give an 
acyclic product. 


Bg 1) 03 [9] (0) 
pene 
2) DMS H 


(f) An acyl group can be installed via a Friedel-Crafts 
acylation, using the appropriate acyl halide, as shown: 


T ch 


AICls 


H2504, H20 
———— 
HgSO4 


4 
1) R]BB—H 


2) H202, NaOH 


(a) As seen in Section 12.6, a Grignard reagent is a strong nucleophile that will attack a carbonyl group to give an 
alkoxide ion. After the reaction is complete, aqueous acid is introduced into the reaction flask, thereby protonating the 


alkoxide ion, giving an alcohol: 


o jT 
Z ES os 
H H 


—. eum 


(Op 
NN i HO, 
oS 
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(b) Under acidic conditions, the carbonyl group is first protonated to give a resonance-stabilized cation. This cation is 
a strong electrophile that is then captured by a chloride ion to give the addition product shown. The equilibrium likely 
favors the ketone. 


en 
N HO. Cl 
Hcl ae 


19.7. The carbonyl group in hexafluoroacetone is flanked by two very powerful electron-withdrawing groups (CF3). 
These groups withdraw electron density from the carbonyl group, thereby increasing the electrophilicity of the carbonyl 
group. The resulting increase in energy of the reactant causes the equilibrium to favor the product (the hydrate, which 
is now lower in energy by comparison). 


19.8. 

(a) Acid-catalyzed acetal formation proceeds via a seven-step process, which can be divided into two parts: 

Part one is conversion of the ketone into a hemiacetal. In the first step of the following mechanism, a proton transfer 
generates a protonated carbonyl group, which is an excellent electrophile and is subject to attack by a nucleophile. The 
alcohol functions as the nucleophile, attacking the protonated carbonyl group to give an oxonium ion that loses a proton 
to give the hemiacetal. 

Part two of the mechanism is conversion of the hemiacetal into an acetal, which requires four steps. First a proton 
transfer step converts a bad leaving group (hydroxide) into an excellent leaving group (water). Loss of water gives an 
intermediate that can be attacked by another molecule of the alcohol. The resulting oxonium ion is then deprotonated 
to give an acetal. Note that in all steps of the mechanism, the proton source is a protonated alcohol, and the base is the 
alcohol (MeOH). No strong bases are employed or formed at any point during the mechanism. 


RN 
om NN OAH & -H UH le UH 
È TKA ero 3 HO > a 


ü d he T &. Me 
MeO. OMe — 76: Mer OA OMe ONUS uos (Ove 


(b) Acid-catalyzed acetal formation proceeds via a seven-step process, which can be divided into two parts: 

Part one is conversion of the ketone into a hemiacetal. In the first step of the following mechanism, a proton transfer 
generates a protonated carbonyl group, which is an excellent electrophile and is subject to attack by a nucleophile. The 
alcohol functions as the nucleophile, attacking the protonated carbonyl group to give an oxonium ion that loses a proton 
to give the hemiacetal. 

Part two of the mechanism is conversion of the hemiacetal into an acetal, which requires four steps. First a proton 
transfer step converts a bad leaving group (hydroxide) into an excellent leaving group (water). Loss of water gives an 
intermediate that can be attacked by another molecule of the alcohol. The resulting oxonium ion is then deprotonated 
to give an acetal. Note that in all steps of the mechanism, the proton source is a protonated alcohol, and the base is the 
alcohol (EtOH). No strong bases are employed or formed at any point during the mechanism. 
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(c) Conversion of the ketone to an acetal occurs via a seven-step process. First the ketone is converted to a hemiacetal 
via the following three steps: 1) proton transfer, 2) nucleophilic attack, and then 3) proton transfer. And then the 
hemiacetal is converted into an acetal via the following four steps: 4) proton transfer, 5) loss of a leaving group, 6) 
nucleophilic attack, and 7) proton transfer. There is a subtle difference between this mechanism and the mechanisms 
shown in the solutions to part (a) and part (b) of this problem. The difference can be seen in step 6 (the second 
nucleophilic attack). In this case, step 6 occurs in an intramolecular fashion, giving a cyclic acetal: 


COM C B (SX HÖ ND. 


" H : 
“Oe dA OH eo HO: OH HO ZA HO: OH 
AX Hemiacetal 


uec H A oz © Ne 


b S 
H7O OH 
H 


< HO 
HO SH Kx © H 


F 
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(d) Acid-catalyzed acetal formation proceeds via a seven-step process, which can be divided into two parts: 

Part one is conversion of the ketone into a hemiacetal. In the first step of the following mechanism, a proton transfer 
generates a protonated carbonyl group, which is an excellent electrophile and is subject to attack by a nucleophile. In 
this case, the nucleophilic attack occurs in an intramolecular fashion to give a five-membered ring. This oxonium ion 
then loses a proton to give the hemiacetal. 

Part two of the mechanism is conversion of the hemiacetal into an acetal, which requires four steps. First, a proton 
transfer step converts a bad leaving group (hydroxide) into an excellent leaving group (water). Loss of water gives an 
intermediate that can be attacked by another nucleophile. Once again, an intramolecular attack generates another five- 
membered ring. This oxonium ion is then deprotonated to give an acetal. Note that in all steps of the mechanism, the 
likely proton source is H30*, and the base is water (H20). No strong bases are employed or formed at any point during 
the mechanism. 
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Hemiacetal 


19.9. 

(a) The reaction shows the formation of a cyclic acetal from a ketone. Since the reactant is a ketone, the reagent must 
be a diol and catalytic acidic conditions are required. Since the two oxygen atoms (in the acetal) are attached by two 
methylene (CH») groups, the diol reagent must also be attached by two methylene groups. 


A strong acid must be used, typically H2SO4 or TsOH. 


(b) The mechanism shown below is very similar to the mechanisms drawn in the solutions to Problems 19.8a-d. 
Specifically, it involves a seven-step process that can be divided into two parts: (1) formation of the hemiacetal (three 
steps) and (2) formation of the acetal (four steps). 

Formation of the hemiacetal involves three mechanistic steps: 1) proton transfer, 2) nucleophilic attack, and then 3) 
proton transfer. 


“ot Oo M OH H X; OH 
O [9 LP" T LE UH a eV A oH 


ort 1 OE L OEt L OEt 
HC == he = Me = He 


[9] [9] O Hemiacetal O 


From the hemiacetal, the acetal forms in four mechanistic steps: 1) proton transfer, 2) loss of a leaving group, 3) 
nucleophilic attack, and then 4) proton transfer. 
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(c) First, redraw the keto-diol in a conformation where the ketone is placed near each of the hydroxyl groups. 
CH3 


O HaC OH o HO 


pw uw N oi HO 
H3C 


CH3 


Next make a bond between the carbonyl carbon and each of the hydroxyl oxygen atoms. This produces a bicyclic 
acetal, as shown. 


H acetal 
3 H3C yam 
o HO [H*] (0; 
—————& 
HO THO (0) 
CH3 CH3 
Frontalin 
19.10. performed, and finally, the protecting group (the acetal 


(a) This type of transformation can be achieved via group) is removed with aqueous acid to give the product: 
alkylation of a terminal alkyne, as seen in Section 9.10: 


Za 1) NaNH2 ys FN 


L4 2) Et ad Ze -H0 Z 
ZA ZA 
BL 2) NaNH> ye 


However, the starting material has a carbonyl group, 


which is a good electrophile. In the presence of the [H*] PVEN 
nucleophilic alkynide ion, the following undesired 4) H30* ot 
reaction can occur: / \ Hs 
HO OH 
- H2Ò 


e P umm a Y 
a Z 
pu bw / \ 1) NaNH> / \ pm 


(0) O0 4 — O0 O0 Z 
To avoid this undesired reaction, the carbonyl group is p e 2) Et! ee 
first converted into an acetal, which serves as a 
protecting group. The desired reaction is then 


(b) This type of transformation can be achieved by 
treating the ester with excess phenyl magnesium bromide 
(see Mechanism 12.5): 


e! OH 


1) xs PhMgBr 
Uu Ph 
Ph 


Ven 2) H0* 
However, the starting material has another carbonyl 
group, which is also a good electrophile. In the presence 
of a powerful nucleophile (the Grignard reagent), the 
following undesired reaction can occur: 


idi d C 
a 

To avoid this undesired reaction, the ketone is first 
converted into an acetal, which serves as a protecting 
group. Installation of the protecting group occurs 
exclusively at the carbonyl group of the ketone, rather 
than the ester group, because the ketone carbonyl is more 
reactive than the ester carbonyl group (esters are not 
converted to their corresponding acetals). Once the 
ketone has been protected, the desired reaction is then 
performed, and finally, the protecting group is removed 
with aqueous acid to give the product. This final step 
also protonates the alkoxide ion which was formed by 
the Grignard reaction: 


1) [H+], 
(0) Oo HO OH.-HO © OH 
P 
Deer 2) xs PhMgBr p 
3) HO* 
[H'] 
/_\ H30* 
HO OH 
-H20 


A 
xs PhMgBr i9) O 
—————— 


o Ph 
Ph 


(c) This type of transformation can be achieved by 
treating the ester with excess LiAlHs (see Mechanism 
12.3): 


re) OH 


1) xs LiAIH, 
a vt n 


2) H30* 
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However, the starting material has another carbonyl 
group, which is also a good electrophile. In the presence 
of LiAlHs, the following undesired reaction can occur: 


To avoid this undesired reaction, the ketone is first 
converted into an acetal, which serves as a protecting 
group. Installation of the protecting group occurs 
exclusively at the carbonyl group of the ketone, rather 
than the ester group, because the ketone carbonyl is more 
reactive than the ester carbonyl group (esters are not 
converted to their corresponding acetals). Once the 
ketone has been protected, the desired reaction is then 
performed, and finally, the protecting group is removed 
with aqueous acid to give the product. This final step 
also protonates the alkoxide ion which was formed by 
reduction of the ester group: 


1) [H* ]. HO OH 


—————————Á 
O^  2)xs LiAIH, 


3) H4O* 
[H*] 
i H4O* 
HO OH 
- H20 
= LiAIH, Fe o 
o o9 (2 eq.) o o9 
o^ H 
H 
19.11. 


(a) Begin by identifying the carbon atom that is 
connected to two oxygen atoms (highlighted): 


T 


i9) O 


oF 


This carbon atom bears an acetal group, and will 
ultimately be converted into a carbonyl group in the 
product. The C—O bonds are cleaved, giving a ketone. 
Since these C—O bonds are contained in a ring, a diol is 
released. 


806 CHAPTER 19 


(b) Begin by identifying the carbon atom that is product. The C-O bonds are cleaved, giving a ketone. 
connected to two oxygen atoms (highlighted): Since these C-O bonds are not contained in a ring, two 
molecules of methanol are released. 
OMe 


OMe 7 OMe o 


This carbon atom bears an acetal group, and will 
ultimately be converted into a carbonyl group in the 


19.12. The starting material contains both a carbonyl group and an OH group, and the product is a hemiacetal. As seen 
in Mechanism 19.5, formation of a hemiacetal requires three steps. First, the carbonyl is protonated, rendering it more 
electrophilic. Then, the alcohol group attacks the protonated carbonyl group (in an intramolecular fashion), giving an 
oxonium ion, which is deprotonated to give the hemiacetal, as shown: 


els E Z: gee ae 
© gates CY ^0 


19.13. The molecular formula indicates two degrees of unsaturation. Since the product is a hemiacetal, the starting 
material must contain both a carbonyl group and an OH group. The carbon atom of the acetal group must have been 
the location of the carbonyl group. The OH group (that attacks the carbonyl group to form the hemiacetal) must be 
contained in the structure of compound A, which explains why a cyclic hemiacetal is formed. The two degrees of 
unsaturation in Compound A correlate to the ring and the x bond of the carbonyl group. 


O 


Compound A 


19.14. 

(a) As seen in Mechanism 19.6, imine formation proceeds via six steps. First, the amine functions as a nucleophile and 
attacks the ketone. The resulting intermediate is then protonated to remove the negative charge (note that the likely 
proton source under these conditions is a protonated amine, called an ammonium ion). Proton transfer then gives a 
carbinolamine (note that the likely base for this step is a molecule of the amine). Protonation then converts the bad 
leaving group (hydroxide) into a good leaving group (water). Loss of water then gives an iminium ion, which is 
deprotonated to give an imine. 
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(b) As seen in the solution to part (a) of this problem, imine formation proceeds via six steps. The same six steps are 
drawn again here: 1) nucleophilic attack, 2) proton transfer, 3) proton transfer, 4) proton transfer, 5) loss of a leaving 


group, and 6) proton transfer. 


19.15. 
(a) When treated with ammonia under acid-catalyzed 
conditions (with removal of water), a ketone is converted 
to an imine. In this case, ammonia (NH3) is used as the 
nucleophile (rather than a primary amine, RNH»), and as 
a result, the product will not have an R group connected 
to the nitrogen atom of the imine group. Instead, there 
will be a proton in that location (two of the protons from 
NH; are removed during imine formation, while the third 
proton remains connected to the nitrogen atom in the 
product). 
O n 
[H'] 
NH3 


Oo o 


- H20 


(b) Upon treatment with a primary amine under acid- 
catalyzed conditions (with removal of water), a ketone is 


Au 

Et i E 

Ü 
EET 

H 

H.O.H 

Gi - HO e 

LRL EET A.H 

| 

Et 


converted to an imine. The carbon atom of the carbonyl 
group ends up being connected to the nitrogen atom 
(with a double bond). The oxygen atom is removed, 
together with the two protons connected to the nitrogen 
atom of the amine (thus, loss of water), to give the 


following imine product: 
e 


Ow LM oO 
[H"] 


- HO 


(c) Under acid-catalyzed conditions (with removal of 
water), an aldehyde will react with a primary amine to 
give an imine. In this case, the aldehyde group and the 
amino group are tethered to each other (in the same 
molecule), and the reaction therefore occurs in an 
intramolecular fashion. The carbon atom of the carbonyl 
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group ends up being connected to the nitrogen atom 
(with a double bond), thereby closing a five-membered 
ring (four carbon atoms and one nitrogen atom). The 
oxygen atom is removed, together with the two protons 
connected to the nitrogen atom of the amino group (thus, 
loss of water), to give the cyclic imine product shown. 
Note that locants have been assigned to help draw the 
product. This problem illustrates how useful locants can 
be when drawing the products of a reaction, especially 
when the reaction involves formation of a ring. 


T [H*] 
P site EET NE N : 
Hr - H20 \ 
1 


19.16. 


(d) This problem is very similar to the previous problem, 
although there is a ketone group (rather than an aldehyde 
group), and there are two other methyl groups connected 
to the middle of the chain. To ensure that all substituents 
are drawn in the correct locations, we assign locants, 
much as we did in the previous solution. This allows us 
to see that the methyl groups are placed at C4 in the 
cyclic imine product. Remember that the carbon atom of 
the carbonyl group ends up being connected to the 
nitrogen atom (with a double bond). 


" + 
E nies = y 
2774 -H20 


(a) An iminium ion is the conjugate acid of an imine. Notice that pinnatoxin A also contains the conjugate base of a 
carboxylic acid, called a carboxylate ion. Transferring the proton from the iminium group to the carboxylate ion gives 
a neutral structure with the imine and carboxylic acid functional groups in their uncharged forms. 


conjugate acid = 


conjugate base 
of carboxylic acid 


Proton transfers 


> 


(b) To draw the amino ketone precursor, we consider the location of the C=N bond in the imine. The carbon atom of 
this bond must have been the carbonyl group in the starting ketone, and the nitrogen atom must have been connected to 
two protons in the starting amine. Thus, the following amino ketone reactant should give the desired imine (under 


acid-catalyzed conditions with the removal of water). 


S 


S 
Ae) 
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(c) Given the complexity of the structure, let’s simplify the molecule by representing the large ring with R groups. 


CO5H 


“10H 


can be simplified as: 


Imine formation proceeds via six steps. First, the amino group functions as a nucleophile and attacks the carbonyl 
group. The next three steps are a series of proton transfers assisted by a general acid 

(R’—NHs3_*) or base (R’—NHz2). For the entire mechanism, the general acid is likely the protonated amine of pinnatoxin 
(or related intermediates) and the general base is likely the free amine of pinnatoxin (or related intermediates). 
Expulsion of water affords the iminium ion that is deprotonated to give the imine. 


19.17. 

(a) Treating a ketone with hydroxylamine under acidic 
conditions (with removal of water) gives an oxime 
(R2C-NOH). During this process, the oxygen atom of 
the starting ketone is replaced with a nitrogen atom 
connected to an OH group: 


[H^] ^ dh 
HO—NH; N 


(b) Treating a ketone with hydrazine under acidic 
conditions (with removal of water) gives a hydrazone 
(R2C=NNH2). During this process, the oxygen atom of 
the starting ketone is replaced with a nitrogen atom 
connected to an NH» group: 


^ NH; 
[9] [H*] N 


HaN—NH» 


- H20 


19.18. 
(a) An oxime can be made by treating the corresponding 
ketone with hydroxylamine, in acid-catalyzed conditions 


(with removal of water), as shown. 
N 
[ ig “OH 


HO—NH; 
[TsOH] 


M 


-H;O 


m 
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(b) Treating an aldehyde with hydrazine under acidic H H2N —NH2 H 
conditions (with removal of water) gives a hydrazone. [H2S0O4] NH3 
During this process, the oxygen atom of the starting Oo ART ee N^ 
aldehyde is replaced with a nitrogen atom connected to - H20 

an NH group: 

19.19. 


(a) As seen in Mechanism 19.7, enamine formation proceeds via six steps. First, the amine functions as a nucleophile 
and attacks the ketone. The resulting intermediate is then protonated to remove the negative charge (note that the likely 
proton source under these conditions is a protonated amine, or ammonium ion). Proton transfer then gives a 
carbinolamine (note that the likely base for this step is a molecule of the amine). Protonation then converts the bad 
leaving group (hydroxide) into a good leaving group (water). Loss of water then gives an iminium ion, which is 
deprotonated to give an enamine. 


Et © Et H.® H 
H, H NS ^07 
Et, Et Ne e yx dm 
"E “ r 
H Et 


(b) As seen in Mechanism 19.7, enamine formation proceeds via six steps. First, the amine functions as a nucleophile 
and attacks the ketone. The resulting intermediate is then protonated to remove the negative charge (note that the likely 
proton source under these conditions is a protonated amine, or ammonium ion). Proton transfer then gives a 
carbinolamine (note that the likely base for this step is a molecule of the amine). Protonation then converts the bad 
leaving group (hydroxide) into a good leaving group (water) Loss of water then gives an iminium ion, which is 
deprotonated to give an enamine. 


Me Me Me 
H, „Me \ H H WH H, Me | 
ie N O. NZ Nie N SA Sl 
CN ye em OP Me H—N-—Me HO eo HO 
Me > | 2 M 
Me i 
lo 
HEN Me 
Me 
H Me 
Me. „Me Me. _H Me. ®_Me e! | 
: Oo. N:--Me 


N: M g 
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19.20. 

(a) Upon treatment with a secondary amine under acid- 
catalyzed conditions (with removal of water), a ketone is 
converted to an enamine. The carbon atom of the 
carbonyl group ends up being connected to the nitrogen 
atom (with a single bond), and that same carbon atom 
ends up having a double bond to a neighboring carbon 
atom, as shown. In the process, the oxygen atom is 
removed altogether, as well as two protons (one from the 
nitrogen atom and the other from a carbon atom) to give 
loss of water. 


[H*] 
fo) N 
OS 
——————- 
- H20 


(b) Upon treatment with a secondary amine under acid- 
catalyzed conditions (with removal of water), a ketone is 
converted to an enamine. The carbon atom of the 
carbonyl group ends up being connected to the nitrogen 
atom (with a single bond), and that same carbon atom 
ends up having a double bond to a neighboring carbon 
atom, as shown. In the process, the oxygen atom is 
removed altogether, as well as two protons (one from the 
nitrogen atom and the other from a carbon atom) to give 
loss of water. 


nn E 


- H20 N 


(c) Under acid-catalyzed conditions (with removal of 
water), a ketone will react with a secondary amine to 
give an enamine. In this case, the carbonyl group and 
the amino group are tethered to each other (in the same 
molecule), and therefore, the reaction occurs in an 
intramolecular fashion, forming a five-membered ring 
(four carbon atoms and one nitrogen atom). The carbon 
atom of the carbonyl group ends up being connected to 
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the nitrogen atom (with a single bond). That same 
carbon atom ends up having a double bond to a 
neighboring carbon atom. The oxygen atom is removed 
altogether, as well as two protons (one from the nitrogen 
atom and the other from a carbon atom) to give loss of 
water. 


Note that locants have been assigned to help draw the 
product. These locants do not have to conform to IUPAC 
rules, as they are just helpful tools that we are using to 
draw the product correctly. The starting material above 
is not numbered according to IUPAC rules but that is 
OK, as long as we don't name the starting material using 
these incorrect locants. 


(d) Under acid-catalyzed conditions (with removal of 
water), a ketone will react with a secondary amine to 
give an enamine. In this case, the carbonyl group and 
the amino group are tethered to each other (in the same 
molecule), and therefore, the reaction occurs in an 
intramolecular fashion, forming a five-membered ring 
(four carbon atoms and one nitrogen atom). The carbon 
atom of the carbonyl group ends up being connected to 
the nitrogen atom (with a single bond). That same 
carbon atom ends up having a double bond to a 
neighboring carbon atom. The oxygen atom is removed 
altogether, as well as two protons (one from the nitrogen 
atom and the other from a carbon atom) to give loss of 
water. Locants have been assigned to help draw the 
product. 
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19.21. 
(a) Enamines are formed from secondary amines. Since compound 2 is an enamine, proline must be a secondary 
amine. If we analyze the structure of 2, we can see that proline must contain a 5-membered ring, as shown: 


©- 
| 
a H Proline 
N CO5H o 


[9] [9] 
— 
(0) 
(b) The formation of the enamine intermediate proceeds via six steps. First the nitrogen atom in proline attacks a 


carbonyl group. The next three steps are a series of proton transfers assisted by a general acid or general base. 
Expulsion of water affords an iminium ion, followed by deprotonation to yield the enamine. 


p 
Sg 
I 
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S 
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For the entire mechanism, the general acid is likely the carboxylic acid (R—CO?H) or the protonated amine on proline 
(R2NH2"*) and the general base is likely the free amine on proline (R2NH). 


19.22. The starting material is a ketone, and the reagents indicate formation of a hydrazone, followed by a Wolff- 
Kishner reduction. The net result is complete reduction of the carbonyl group to a methylene group (CH): 


debis 
Formation of the hydrazone occurs via a six-step process (Mechanism 19.6). First, hydrazine functions as a 
nucleophile and attacks the ketone. The resulting intermediate is then protonated to remove the negative charge (note 
that the likely proton source under these conditions is a protonated hydrazine). Proton transfer then gives a 
carbinolamine (note that the likely base for this step is hydrazine). Protonation then converts the bad leaving group 


(hydroxide) into a good leaving group (water). Loss of water then gives an iminium ion, which is deprotonated to give 
the hydrazone. 


Ó 
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And then, under basic conditions, the hydrazone is reduced via the process shown here. As seen in Mechanism 19.8, 
three successive proton transfer steps, followed by loss of nitrogen gas, gives a carbanion, which is protonated by water 
to give the product: 


x : 
H OH NA 7 H H H N=N 
Aa 

Ry R2 R4 R2 R17 O^R; Ry R2 

[op 
:OH 

Ox H ENS 

H H HY Se -N2 H N=N 

Ry R3 R O`R, Ry Ro 

19.23. 

(a) The starting compound is an acetal, and it is being In the process, a diol is released, as shown: 


treated with aqueous acid, so a hydrolysis reaction is 

expected. We first identify the bonds that will undergo : pa " HO 
cleavage. | When an acetal undergoes hydrolysis, mem EL m M n 
cleavage occurs for the C-O bonds of the acetal group: às ag 


M P (b) The starting compound is an imine, and it is being 
pu treated with aqueous acid, so a hydrolysis reaction is 
© expected. We first identify the bond that will undergo 
cleavage. When an imine undergoes hydrolysis, 


Therefore, the following carbon atom will be converted cleavage occurs for the C=N bond: 
into a carbonyl group: 


‘ pe 
XD s 
9) 
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Therefore, the following carbon atom will be converted 
into a carbonyl group: 


N 


As a result of cleavage of the C=N bond, the carbon 
atom becomes a carbonyl group, and the nitrogen atom 
will accept two protons to generate a primary amine: 


H30* 


(c) The starting compound is an acetal, and it is being 
treated with aqueous acid, so a hydrolysis reaction is 
expected. We first identify the bonds that will undergo 
cleavage. When an acetal undergoes hydrolysis, 
cleavage occurs for the C-O bonds of the acetal group: 


H H 
\/ 

yyy 

Q^ ^O 


A 


Therefore, the following carbon atom will be converted 
into a carbonyl group: 
H H 
NA 


C 
oo 


Ae 


In the process, a diol is released, as shown: 


H, H 
C 
H UA I 
yoy + O 
Q^ "Q9 H20 


(d) The starting compound is an enamine, and it is 
being treated with aqueous acid, so a hydrolysis reaction 
is expected. We first identify the bond that will undergo 
cleavage. When an enamine undergoes hydrolysis, 
cleavage occurs for the bond between the nitrogen atom 
and the sp*-hybridized carbon atom to which it is 


attached: 
Dye 


Therefore, the following carbon atom will be converted 
into a carbonyl group: 


deem 


As a result of the C-N bond cleavage, the carbon atom 
becomes a carbonyl group, and the nitrogen atom will 
accept a proton to generate a secondary amine: 


———- 


+ (CH35NH 


(e) In the starting compound, the nitrogen atom is 
connected to two different vinylic positions. As such, 
there are two C-N bonds that will undergo hydrolysis: 


Each of these C-N bonds will be cleaved in the same 
way that the C-N bond of an enamine group can be 
cleaved. That is, each of the following carbon atoms 
(highlighted) will be converted into a carbonyl group: 


N—CH; 


In the process, an amine is released, as shown: 


O 
excess 
H30* aN 
= + N—CHs 
H 
[o] 


(f) The starting compound exhibits a carbon atom that 
is connected to two oxygen atoms, as shown, and is 


therefore an acetal: 


When an acetal is treated with aqueous acid, it is 
expected to undergo hydrolysis. We first identify the 
bonds that will undergo cleavage. When an acetal 
undergoes hydrolysis, cleavage occurs for the C-O 
bonds of the acetal group: 
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Each of these bonds is broken, thereby converting the 
carbon atom of the acetal group into a carbonyl group. fy H4O* 
In the process, each of the oxygen atoms will accept a A 7 
proton to become an OH group, giving the following o" ^o 
product, which exhibits a carbonyl group, as well as two 
OH groups: Q 
H 
= HO 
HO OH H o OH 


19.24. First identify which bond(s) are susceptible to acid-catalyzed hydrolysis. Compound 1 contains a carbon atom 
flanked by two ether-like oxygen atoms and is therefore an acetal. These two C—O bonds can undergo hydrolytic 
cleavage upon reaction with excess water and catalytic acid. 


NO» 


Next, identify the carbon atom that is converted into a carbonyl group. 


H 


O 9) 


NO» 


B 


Note that the acetal carbon bears a hydrogen atom and will therefore yield an aldehyde upon hydrolysis. Hydrolysis of 
this acetal leads to two ring-openings, so the "fragments" will still be tethered to the rest of the molecule in the final 
product. The two acetal oxygen atoms will become OH groups. The acetal carbon of 1 was a chiral center, and it has 
been converted into a planar aldehyde group (not a chiral center). The other chiral center in compound 1 was not 
affected by hydrolysis, so it retains its configuration (H is still on a dash). 


H 


(0) (0) 


H30* 


NO; 


z 


NO» 


19.25. In aqueous acidic conditions, one of the nitrogen atoms is protonated to give an ammonium ion. Loss of a 
leaving group then generates an iminium ion, which is attacked by water to give an oxonium ion. Loss of a proton then 
gives an alcohol (the likely base is water). Protonation of the neighboring nitrogen atom gives a leaving group, which 
leaves, thereby expelling a fragment with one carbon atom. A proton transfer provides the first equivalent of 
formaldehyde. The other equivalents are formed in a similar way. 
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rut HW io 
S NN: PEE: 
LNL " H^ `H 


19.26. 

(a) The starting material is a ketone, and the reagents 
indicate the formation of a cyclic thioacetal, followed by 
desulfurization with Raney nickel. The net result is 
conversion of the carbonyl group into a methylene (CH2) 
group, as shown. 


Oo 


" / \ 
1) [H"], HS SH 
ood 


2) Raney Ni 


(b) The starting material is an aldehyde, and the 
reagents indicate the formation of a cyclic thioacetal, 
followed by desulfurization with Raney nickel. The net 


50-CH; + 4NH3 


result is the reduction of the carbonyl group to give an 
alkane. 


T* ad 


19.27. When a ketone is treated with a dithiol in the 
presence of an acid catalyst, a cyclic thioacetal is 
formed. The carbonyl group is replaced with C-S bonds, 
as shown: 


1) [H'], HS 


2) Raney Ni 


HS SH 


A 


S S 


19.28. 

(a) The starting material is a ketone, and LiAIH4 is a 
hydride reducing agent. Upon treatment with LiAlH4, 
followed by aqueous acidic workup, the ketone is 
reduced to give the following secondary alcohol. A new 
chiral center is formed in the process, so we expect a 


racemic mixture of enantiomers: 


(b) The starting material is an aldehyde, and NaBH; is a 
hydride reducing agent. Upon treatment with NaBH4 
and methanol, the aldehyde is reduced to give the 


following primary alcohol: 


CLA, 
HO 


__NaBHs, — 
^ MeOH 


on 


19.29. 
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(c) The starting material is a ketone, and LiAIH4 is a 
hydride reducing agent. Upon treatment with LiAlHa, 
followed by aqueous acidic workup, the ketone is 
reduced to give the following secondary alcohol. A new 
chiral center is formed in the process, so we expect a 


racemic mixture of enantiomers: 


AYLI, 
2)H0* -— 


x5 
(d) The starting material is a ketone, and NaBHa is a 
hydride reducing agent. Upon treatment with NaBH4 
and methanol, the ketone is reduced to give the following 
secondary alcohol. A new chiral center is formed in the 
process, so we expect a racemic mixture of enantiomers: 


"|o o 9 O^o 


NaBH,, 
MeOH 


(a) The following mechanism is consistent with the description given in the problem statement. After a hydroxide ion 
attacks one molecule of benzaldehyde, the resulting intermediate functions as a hydride delivery agent to attack another 
molecule of benzaldehyde, giving a carboxylic acid and an alkoxide ion. The alkoxide ion then deprotonates the 
carboxylic acid, generating a more stable carboxylate ion. When the reaction is complete, aqueous acid is added to the 
reaction flask in order to protonate the carboxylate ion, giving benzoic acid. 


o OH HoH o Ph 


D PCS Joa ug 
Ph^ "OH Ph z Ph^ ^O: 


(b) The function of H30* in the second step is to serve as a proton source to protonate the carboxylate ion, giving 
benzoic acid. 


(c) Water is only a weak acid (pKa = 15.7) and is not sufficiently strong to serve as a proton source for a carboxylate 
ion (pKa of PhCO2H is 4.2). See Section 3.5 for a discussion of this topic. 
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19.30. 

(a) The starting material is a ketone, and ethyl 
magnesium bromide is a Grignard reagent (a strong 
nucleophile). Upon treatment with a Grignard reagent, 
followed by aqueous acidic workup, the ketone is 
converted to a tertiary alcohol (with installation of an 


ethyl group): 


(b) The starting material is an aldehyde, and phenyl 
magnesium bromide is a Grignard reagent (a strong 
nucleophile). Upon treatment with a Grignard reagent, 
followed by aqueous acidic workup, the aldehyde is 
converted to a secondary alcohol (with installation of a 


phenyl group): 


1) EtMgBr | 
2) HO" — 


ie] 
1) PhMgBr PhMgBr 
2) DHO — 
(c) The starting material is a ketone, and phenyl 
magnesium bromide is a Grignard reagent (a strong 
nucleophile). Upon treatment with a Grignard reagent, 
the ketone is attacked, giving the alkoxide ion shown. 
Treatment with aqueous acid then protonates the 
alkoxide ion (giving a tertiary alcohol) and also 
hydrolyzes the acetal group, giving a ketone group. 
During this process, a new chiral center is formed, so we 
expect a mixture of all possible stereoisomers (there are 
two chiral centers in this case, so we expect four possible 
stereoisomers): 


[9] 
4 1) PhMgBr 
2) H30* 
PhMgB 
Y ger p 
o 
CO 
Ó 
19.31. 


(a) This transformation requires installation of a methyl 
group at the a position of an alcohol. We have not 
learned a direct way to achieve this transformation. 
However, if we first oxidize the alcohol to give a ketone, 


then treatment with methyl magnesium (followed by 
aqueous acidic workup) will install the methyl group and 
simultaneously reduce the ketone back to an alcohol. 
The net result is the conversion of a secondary alcohol 
into a tertiary alcohol, as shown. A variety of oxidizing 
agents can be used for the oxidation step, including 
chromic acid (formed by mixing sodium dichromate with 
aqueous sulfuric acid). 


on 1) Na;Cr;Os. Me, OH 
H3SO4, H20 
2) MeMgBr 
3) H40* 
[e 
NaoCr207 1) MeMgBr 
H5S04, H2O 2) H30* 


(b) This transformation requires installation of a methyl 
group at the a position of an alcohol. We have not 
learned a direct way to achieve this transformation. 
However, if we first oxidize the alcohol to give an 
aldehyde, then treatment with methyl magnesium 
(followed by aqueous acidic workup) will install the 
methyl group and simultaneously reduce the aldehyde 
back to an alcohol. This final step creates a new chiral 
center, so a racemic mixture of enantiomers is expected. 
The net result is the conversion of a primary alcohol into 
a secondary alcohol, as shown. The oxidation step can 
be performed with PCC (or DMP or Swern conditions), 
to give an aldehyde. The use of chromic acid would 
result in formation of a carboxylic acid, rather than an 


aldehyde. 
1) MeMgBr 


2) HO* 


OH 


PCC, CHCl, PCC, CH5Cb 
>) MeMgBr — MeMgBr 
3) H30* 


19.32. 

(a) The starting material is a ketone, and the reagents 
indicate cyanohydrin formation, followed by reduction to 
give an amino alcohol. During cyanohydrin formation, a 
new chiral center is formed, so a racemic mixture is 
expected. 


O HO NH2 
1) KCN, HCN 
M Á— Je 
2) LiAIH, 


3) H20 
HO CN 
KCN, 1) LiAIH, 
HCN 2) H2O 


(b) The starting material is an aldehyde, and the reagents 
indicate cyanohydrin formation, followed by hydrolysis 
of the cyano group to give a carboxylic acid group. 
During cyanohydrin formation, a new chiral center is 
formed, so a racemic mixture is expected. 


O 
2 
HO, CN 
KCN, HCI H 


19.33. 

(a) This transformation requires installation. of a 
carboxylic acid group at the o. position of an alcohol. 
We have not learned a direct way to achieve this 
transformation. However, if we first oxidize the alcohol 
to give a ketone, then treatment with KCN and HCI will 
convert the ketone into a cyanohydrin (thereby installing 
the extra carbon atom in the correct location, while 
simultaneously converting the carbonyl group back into 
an alcohol) Hydrolysis of the cyano group then gives 
the desired product. A variety of oxidizing agents can be 
used for the oxidation step, including chromic acid 
(formed by mixing sodium dichromate with aqueous 
sulfuric acid). 


1) KCN, HCI 


Pe 


2) H30*, heat 


19.34. 
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ou 9D NazCr207, OH Qo 
H5SO4, H20 
2) KCN, HCI OH 
3) HO* 
NasCro07, " 
H5SO4, HO H30 


O OH 
D KCN, HCI CN 


(b) This transformation requires installation of a 
CH2NH: group at the a position of an alcohol. We have 
not learned a direct way to achieve this transformation. 
However, if we first oxidize the alcohol to give a ketone, 
then treatment with KCN and HCl will convert the 
ketone into a cyanohydrin (thereby installing the extra 
carbon atom in the correct location, while simultaneously 
converting the carbonyl group back into an alcohol). 
Reduction of the cyano group (with LiAlHa, followed by 
aqueous acidic workup) then gives the desired product. 
A variety of oxidizing agents can be used for the 
oxidation step, including chromic acid (formed by 
mixing sodium dichromate with aqueous sulfuric acid). 


1 ) Na5Cr;O;,, 


OH 
ET H2504, H20 
2) KCN, HCI 
3) LiAIH4 NH2 
4) H20 
NagCr207, 1) LiAIH4 
H2504, H20 2) HO 


oO OH 
ed KCN, HCI a 


(a) This is a reaction between a ketone and a non-stabilized Wittig reagent. Stereochemistry is not relevant in this case 
since there is only one stereoisomer possible, so the oxygen atom of the carbonyl group is replaced with the propyl 
group of the Wittig reagent, giving an alkene product. Numbering the carbon atoms on the Wittig reagent can help you 


draw the correct number of carbon atoms in the product. 


Swap 
t 


2 
o 3 1 i : 
DN | 
—— C pen, 


Same as: CA 
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(b) Reaction of the HWE reagent with acetaldehyde will give the E alkene as the major product: 


Swap 
N o 
o O o HWE 
I A reaction 
Gor JL ud ———- OEt 

Nd OEt CH3 H 
cl CH3 

HWE reagent Major 


19.35. After deprotonation, the newly formed Wittig reagent will react with the aldehyde. Because this is a non- 
stabilized Wittig reagent, the Z isomer is expected to be the major product. 


—<— Swap = 4 
Wittig Il 


Z ud pc ET 1° f o reaction 
3 
Za pl ó ——- As o +f l 3 ^ — , 
«. Base dà MeO' 5 A p H 
Non-stabilized MeO s Y ^ z T 
Wittig reagent 
(Z)-alkene is 


major product 


19.36. The presence of the ester group makes this a stabilized Wittig reagent, so the alkene with E stereochemistry will 
predominate as the major product. 


c S 


OTBS O OTBS 
,COsEt 
PhgP=C, 
H 
Stabilized Wittig New C=C bond has 
reagent E stereochemistry 


19.37. First, the Wittig reagent must be prepared by deprotonation of the phosphonium salt with the given base, t- 
butoxide. The resulting non-stabilized Wittig reagent will react with the aldehyde to form a (Z) alkene as the major 
product. 


O O 
& 3 Deprotonate PPh, ü Wittig 
Lem ud — 
PPh,Br BnO E 
O O OBn 


(Z) alkene is 
major product 


H Ox a non-stabilized y Swap 
o Wittig reagent 


19.38. 
(a) There are two possible disconnections for the alkene target molecule. 


—À y & i — Better 


(faster) 
» es 1? RX to make Sn2 
or Wittig reagent 
One carbon was the E+ (C=O) & 
other carbon was the Nuc (Wittig) = 
(2 possible disconnections) => PPh + o—/ => 


Slower 
Sn2 


2° RX to make 
Wittig reagent 
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When comparing the two possible Wittig reagents, the one derived from the primary alkyl halide is preferred since it 
would be a faster and higher yielding Sn2 substitution with PPhs. This non-stabilized Wittig reagent reacts with 2- 
butanone to give the target molecule, a Z alkene. 


Synthesis: 


PPh, n-BuLi 
Br Y E PhP =/ E P 


SN2 Deprotonate Wittig 


(b) There is only one possible disconnection for this symmetrical alkene target molecule. The stabilized Wittig 
reagent (due to resonance with phenyl group) is prepared from benzyl bromide and reacts with benzaldehyde to give 
the target molecule, an E alkene. 


This carbon 
was the E* 
(C-O) 
Cu “a> 
Ph re) +  Ph3PX (Ph Br Ph 
Ph uw N~ 
B d =>> 5 
This carbon was E* Nuc 
the Nuc (Wittig) (Wittig) 
Synthesis: MESS 
PPh, n-BuLi o Stabilized Wittig 
Br. Ph ———— a PhP Ph -=y p © Ph reagent generates 
(E)-alkene as major 
Su2 Deprotonate Wittig product 


(c) The best disconnection for this alkene target molecule is to align the ester group with the nucleophilic carbon 
(resulting in either a stabilized Wittig or HWE reagent); this will ensure the (£) configuration in the resulting alkene. 
The other component is a 5-carbon aldehyde (pentanal). 


Retrosynthesis: Thscsrbon O 
was the E+ JL. PPh; 
d oe a i 
Nuc (Wittig) Dh sie 25 
EtO 3 * + 1 3 5 
Z f 4 => or n 2 4 
This carbon was the oO O 
Nu: (Wittig or HWE) whe? B Aldehyde E+ 
EtO” ^x Doet 
(E) alkene came from stabilized G ot 


Wittig reagent or HWE reagent 
Nuc (HWE) 


Reaction of pentanal with either the Wittig or HWE reagent shown will afford the desired target molecule, with (£) 
stereochemistry. 


Synthesis: 


i9) O 
yet d JJ... PPh 
Zz 3 i9) 
H + EO Wittig 
DES pe Uo 
EtO 


O O ie Stabilized Wittig or HWE 


P gas i m reagent generates (E) 
H + EtO 22 DOE HWE alkene as major product 
© OEt 
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19.39. 

(a) The starting material is a ketone, and the reagent is a 
peroxy acid, which indicates a Baeyer-Villiger oxidation. 
The ketone is unsymmetrical, so we must decide where 
to insert the oxygen atom (i.e., which side of the 
carbonyl group). According to the trends of migratory 
aptitude that we encountered, we would expect the 
oxygen atom to be inserted on the left side (secondary) 
rather than the right side (primary), giving the following 


product: 
NETS 
on 


(b) The starting material is an aldehyde, and the reagent 
is a peroxy acid, which indicates a Baeyer-Villiger 
oxidation. Aldehydes are oxidized to carboxylic acids 
with this process, giving the following product: 


Ó 


OH 


(c) The starting material is a ketone, and the reagent is a 
peroxy acid, which indicates a Baeyer-Villiger oxidation. 
The ketone is unsymmetrical, so we must decide where 
to insert the oxygen atom (i.e., which side of the 
carbonyl group). According to the trends of migratory 
aptitude that we encountered, we would expect the 
oxygen atom to be inserted on the right side (tertiary) 
rather than the left side (secondary), giving the following 


product: 
O 


19.40. 
(a) We begin by asking the following two questions: 


1) Is there a change in the carbon skeleton? Yes, the 
carbon skeleton is increasing in size by one carbon 
atom. 

2) Is there a change in the functional groups? Yes, 
the starting material lacks a functional group, and 
the product has an exocyclic double bond 
(extending from the ring). 


Now we must propose a strategy for achieving these 
changes. Since the carbon skeleton is increasing in size 
by one carbon atom, we know that we must form a 
carbon-carbon bond. We have seen several ways to 
make carbon-carbon bonds, and there are certainly many 
acceptable solutions to this problem. Since the extra 
carbon atom bears a double bond, we consider using a 
Wittig reaction as the last step of our synthesis: 


Ph4PzCH5 


This step will install the extra carbon atom while 
simultaneously installing a double bond in the desired 
location. In order for this strategy to work, we must find 
a way to convert the starting material into the ketone 
above. Since the starting material lacks a functional 
group, the first step our synthesis must be a radical 
bromination: 
Br 


Bro, hv 
————— 


In order to complete the synthesis, we must bridge the 
following gap: 


Br 
P 
————- 


This transformation requires that we change both the 
location and the identity of the functional group. This 
can be achieved via elimination to give an alkene, 
followed by hydroboration-oxidation to give an alcohol, 
followed by oxidation: 


Dou ur 


The entire proposed synthesis is summarized here: 


1) Bro, hv 
2) NaOEt 
3) BH3: THF 
4) H202, NaOH 
| Bra, AV — 5)Na;CrO; | RNR GRO 
H3SO4, H2O 
Br 6) Ph3P-CH o 
Na2Cr207 
| M— H5SO4, H2O 
OH 
1) BH3: THF 


2) H202, NaOH 


(b) We begin by asking the following two questions: 


1) Is there a change in the carbon skeleton? Yes, the 
carbon skeleton is increasing in size by one carbon 
atom. 

2) Is there a change in the functional groups? Yes, 
the starting material has a triple bond, and the 
product is an alcohol. 


Now we must propose a strategy for achieving these 
changes. There are certainly many acceptable solutions 
to this problem. One such solution derives from the 
following retrosynthetic analysis. An explanation of 
each of the steps (a-c) follows. 


c^» o 
o^» 


a. The desired product is a primary alcohol, which can 
be made via hydroboration-oxidation of an alkene. 

b. The alkene can be made from a ketone via a Wittig 
reaction. 

c. The ketone can be made from the starting alkyne 
(via acid-catalyzed hydration). 


Now let's draw the forward scheme. The starting alkyne 
is treated with aqueous acid in the presence of mercuric 
sulfate to give a hydration reaction (the initially formed 
enol rapidly tautomerizes to give a methyl ketone). This 
ketone is then treated with a Wittig reagent, thereby 
forming the crucial carbon-carbon bond. The resulting 
alkene is then expected to undergo hydroboration- 
oxidation to give anti-Markovnikov addition of H and 
OH across the double bond, affording the desired 


alcohol. 
1) H9SO04, H2O zs 
2504, H2 
BA HgSO, 

2) Ph3P=CH2 
——————— 
3) BH4-THF 
4) H202, NaOH 

H5SO4, H5O 1) BH3: THF 

HgSO4 2) H505, NaOH 


(0) 


Ph3P=CH2 
—————— 


(c) There are certainly many acceptable solutions to this 
problem. One such solution is virtually identical to the 
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solution presented for Problem 19.40a, except that the 
last step has been replaced with a Grignard reaction: 


1) Bro, hv 
2) NaOEt 


—— nn OH 


3) BH3 -THF 
4) H203, NaOH 


UT 5) NasCr207 1) MeMgBr 
2 H5SO4, H20 2) H4O* 
6) MeMgBr 
Br 7) H30* á 
Na;Cr;O; 
| NaOEt H2SO4, H2O 
1) BH4-THF S 
——————- 


2) H202, NaOH 


(d) We begin by asking the following two questions: 


1) Is there a change in the carbon skeleton? Yes, the 
starting material is cyclic, and the product is 
acyclic. In addition, the starting material has 
seven carbon atoms, while the product has nine. 
Two carbon atoms must be installed and the ring 
must be opened. 

2) Is there a change in the functional groups? Yes, 
the starting material lacks a functional group, and 
the product has two functional groups (C=O and 
OH). 


Now we must propose a strategy for achieving these 
changes. The ring can be opened via ozonolysis, but 
only if we first install a double bond in the ring: 


(0) 
A 
(0) 
The necessary cycloalkene can be generated from the 
starting material in just two steps: 1) radical bromination 
installs a bromine atom in the tertiary position, and 2) 
subsequent treatment of the resulting tertiary alkyl halide 


with a strong base (such as sodium ethoxide) gives the 
cycloalkene above: 


D0 2 Os 
^2)DMS 


Br 
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This cycloalkene then undergoes ozonolysis to open the 
ring. After ozonolysis has been performed, the resulting 
dicarbonyl compound can be converted into the product 
in just two steps. First, treatment with excess methyl 
magnesium bromide (followed by aqueous acidic 
workup) installs two methyl groups, giving a diol. When 
treated with an oxidizing agent, the tertiary OH group is 
unaffected, while the secondary OH group is oxidized to 
a ketone. 


1) Bra, hv "T 
2) NaOEt 
——————————- 
3) Os 
4) DMS 
5) excess MeMgBr 
| Bra, hv 6) H30* Na5Cr20; , 
Me H20 
Br 7) Na2Cr207 , 
H2504, H2O 
| NaOEt )excess MeMgBr 
3 H30* 
1) Os 
— 
2) DMS m 


(e) The product is an imine, which can be made from 
the corresponding aldehyde and primary amine: 


H T H 
N e 
— o 


HN 


J= 


This aldehyde can be made from the starting material via 
hydroboration-oxidation, followed by oxidation with 
PCC (or DMP or Swern conditions), as shown: 


ys 
CT 


[H2SO,], - H2O 


"d 
p 


1) BHs: THF 
2) H203, NaOH 
 $)PCC.CHCh — 


4) [H2SO,], - H20 


nn 


1) BH THF 
2) H203, NaOH 


da c PCC, CH;Cl; 


(f) While we certainly learned a way to install a bromine 
atom on a ring (bromination) we did not learn a way to 
install the other substituent (highlighted): 


Br 


However, this substituent can be made from the 
following ketone, using a Wittig reaction: 


O 
Br Br 
———— 


And we have indeed seen a way to install an acyl group 
on a ring (Friedel-Crafts acylation). The two 
substituents are meta to each other, so we must utilize 
the directing effects of the acyl group to install the 
bromine atom in the correct location (Br is an ortho-para 
director, so it cannot be installed first). After the acyl 
group has been installed, the product can be obtained via 
bromination (which installs a bromine atom in the meta 
position), followed by a Wittig reaction, as shown: 


we 


AlCls Br 
> 
2) Bro, FeBra 


3) PhP-CH; 


yer 


AlCl 


Ò 
Ò 
Br 
Bro, FeBra Go 
— > 
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(g) The desired product has a carbon atom (highlighted) connected to two oxygen atoms, so this compound is an 
acetal: 


As such, the last step of our synthesis might be formation of the acetal group from the following precursor: 


OH HO 


i9) oO O 
[H"] 
———————— 
— H20 


Notice that the reaction occurs in an intramolecular fashion because the two OH groups and the carbonyl group are 
tethered together. 
Now we must determine how to make the precursor above from the starting material: 


O e 
Eto OEt ? HO OH 
————- = 
O e 


It might be tempting to treat the starting material with a reducing agent, such as LIAIH4 (xs), so it will reduce the two 
ester groups. Unfortunately, excess LiAIHa4 will also reduce the ketone: 


OQ OH 
EtO OE xiu, HO OH 
—— 
4 a 2) H30* 


And once all three functional groups are reduced to a triol, we are stuck, because we have not learned a way to 
selectively oxidize the secondary OH group. This problem can be circumvented by using a protecting group first. That 
is, the ketone can be converted into an acetal group, thereby protecting it prior to the reduction step: 


= 


i9) 
O O 
EtO Pu [H*] EtO OEt 
— 
z g HO OH 9 s: 


-H20 


OH HO 


Notice that the ester groups are NOT converted into acetals. Only the ketone group is converted to an acetal. 
Subsequent reaction with excess LiAIH4 causes reduction of both ester groups (the acetal group is stable under these 
conditions). Treatment with aqueous acid will then protonate the dianion (each ester group is reduced to an alkoxide 
when treated with excess LiAIH4). In addition, aqueous acid will also remove the acetal group, converting it back into 
a ketone. This allows us to perform the final step of the synthesis (intramolecular acetal formation) to give the product. 
The complete synthesis is shown here: 
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1) [H7] 


EtO OEt HO . OH ,-H,0 
———————- 


fe) fe) 2) excess LiAIH4 
3) H30* 
[H*] 4) [H'], - H20 


FN 1) excess LiAIH4 ò 


EtO omn SSS HO OH 


The alkene-diol can be prepared from the corresponding alkyne-diol: 
OH OH 
HO OH 

And the alkyne diol can be prepared from acetylene and two equivalents of formaldehyde: 

HÒ OH o o 

ath, => A = o 

H H H H H H 

The forward synthesis begins with deprotonation of acetylene and treatment with formaldehyde. Repeating this process 


(followed by aqueous acidic workup) gives an alkyne-diol, which can be reduced to a cis-alkene-diol. That diol then 
reacts with acetone under acidic conditions (and removal of water) to give the cyclic acetal, 1. 


á T 1) NaNH2 1) NaNH; HO OH Hs OH OH 
SS TS ——À 
2) JR 2) IL — Lindlar's c" 
catalyst 
H H H H 
3) HO* [H6] 
(—H20) 


19.42. The signal at 1720 cm’! indicates the presence of 
a carbonyl group. That carbonyl group is reduced to a 
methylene (CH2) group upon treatment with 1,2- 
ethanedithiol followed by Raney nickel. Therefore, the 
position of the carbonyl group (in compound A) must 
correspond with one of the methylene groups in the 
product. Because of symmetry, there are only two 
unique methylene positions in the product. 


‘aan: 
Sea a 


Therefore, compound A must be one of the following 


two structures: 
CO 


We can differentiate between these two structures based 
on the nature of the carbonyl group. In the first 
structure, the carbonyl group is conjugated to the 
aromatic ring. In the second structure, the carbonyl 
group is isolated. The signal at 1720 cm'! indicates an 
isolated carbonyl group (a conjugated carbonyl group 
would produce a signal near 1680 cnr!) Therefore, 
compound A must be the structure with the isolated 


carbonyl group. 
pa 


Compound A 


19.43. 

(a) We begin by identifying the parent. In this case, the 
carbonyl group is part of a five-membered ring, so the 
parent is cyclopentanone. In a cyclic ketone, the 
carbonyl group is at Cl (by definition). Next, we 
identify the substituents. There are two (a propyl group 
at C2 and a methyl group at C3), which are organized 
alphabetically in the name (methyl precedes propyl). We 
then assign a configuration to each of the chiral centers, 
giving the following name: 


(2S, 3R)-3-methyl-2-propylcyclopentanone 


(b) A cyclic compound containing an aldehyde adjacent 
to the ring is named as a cycloalkane carbaldehyde. In 
this case, the aldehyde group is connected to a six- 
membered ring (cyclohexane), giving the following 
name: 
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cyclohexanecarbaldehyde 


(c) This compound is an aldehyde with a parent of four 
carbon atoms, so we might think the parent should be 
butanal. But this parent also contains a double bond, 
which is indicated by changing “an” to “en” (as in 
propane vs. propene). Therefore, in this case, it is 2- 
butenal. Notice that the location of the double bond 
(between C2 and C3) is indicated with a single locant 
(2). The location of the aldehyde group is at C1 (by 
definition) and need not be specified. The methyl group 
at C3 must be indicated in the name. The name does not 
have a stereodescriptor (E or Z) because the C=C bond is 
not stereoisomeric (one of the vinylic positions is 
connected to two identical groups). 


3-methyl-2-butenal 


(d) The parent is a chain of six carbon atoms, with the 
carbonyl group at C3, so the parent is 3-hexanone. Next, 
we identify the substituents. There is only one: a methyl 
group at C4. We then assign a configuration to the chiral 
center, giving the following name: 


(S)-4-methyl-3-hexanone 


19.44, 

(a) The parent indicates three carbon atoms, and the 
suffix “dial” indicates two aldehyde groups at either end 
of the parent chain: 


(b) The parent (“butanal”) indicates four carbon atoms, 
and the suffix “al” indicates an aldehyde group (which is 
at C1, by definition). A phenyl substituent is located at 
C4: 


(c) The parent (“butanal”) indicates four carbon atoms, 
and the suffix “al” indicates an aldehyde group (which is 
at C1, by definition). A phenyl substituent is located at 
C3, which is a chiral center with the S configuration: 
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(d) The parent (“heptanone”) indicates seven carbon 
atoms, and the suffix “one” indicates a ketone. The 
carbonyl group is located at C4, and there are four 
methyl groups (two at C3 and two at C5): 


(e) The parent (“pentanal”) indicates five carbon atoms, 
and the suffix “al” indicates an aldehyde group (which is 
at Cl, by definition). An OH group is located at C3, 
which is a chiral center with the R configuration: 


OH O 


A 
N 


(f) The parent is acetophenone, and there is an OH group 
in the meta position (C3 of the ring): 


(g) The parent is benzaldehyde, and there are three nitro 
groups, located at C2, C4, and C6: 


OoN~4 


(h) The parent is acetaldehyde (which is the common 
name for ethanal), and there are three bromine atoms. 
Since C1 must be connected to an H (in order to be an 
aldehyde), there are only three positions where the 
bromine atoms can be placed, and they occupy all three 
of those positions. This is why locants were not 
necessary in the name. 


[9] 
Br. 2 H 
Br Br 


(i) The parent (“pentanone”) indicates five carbon atoms, 
and the suffix “one” indicates a ketone. The carbonyl 
group is located at C2, and there are two OH groups, 
located at C3 and C4, both of which are chiral centers 
with the R configuration: 


19.45. We begin by identifying the parent chain, which is 
a bicyclic structure. Using the skills covered in 
SkillBuilder 4.5, we assign the parent name for this 
structure and we assign a locant for the position of the 
carbonyl group (C2). The configurations of the two 
chiral centers (the bridgeheads, C1 and C4) are assigned 
and included in the name, as shown: 


(1S, 4R)-bicyclo[2.2.1]heptan-2-one 


19.46. The molecular formula (C4HsO) indicates one 
degree of unsaturation (see Section 14.16), which 
accounts for the carbonyl group of the aldehyde: 


Oo 


= 


H 


Since there is only one degree of unsaturation (which has 
now been accounted for), the remaining three carbon 
atoms do not comprise a ring and do not possess any x 
bonds. There are only two ways to connect three carbon 
atoms (without a ring or a x bond), shown here: 


3 
2—1i 
1 
Therefore, there are only two aldehydes with the 
molecular formula C4HsO, shown here: 


Euh a 


butanal 


œ~} 


3 1 


2-methylpropanal 


19.47. The molecular formula (CsH100) indicates one 
degree of unsaturation (see Section 14.16), which 
accounts for the carbonyl group of an aldehyde: 


Oo 


p 


H 


Since there is only one degree of unsaturation (which has 
now been accounted for), the remaining four carbon 
atoms do not comprise a ring and do not possess any x 
bonds. There are only four ways to connect four carbon 
atoms (without a ring or a x bond), shown here: 


Therefore, there are only four aldehydes with the 
molecular formula CsHi00, shown here. One of these 
aldehydes exhibits a chiral center (highlighted): 


"T 


pentanal 2-methylbutanal 
pu i 
A s 
3-methylbutanal 2,2-dimethylpropanal 
19.48. The molecular formula (CeH12O) indicates one 
degree of unsaturation (see Section 14.16), which 
accounts for the carbonyl group of a ketone: 


O 


P 


Since there is only one degree of unsaturation (which has 
now been accounted for), the remaining five carbon 
atoms do not comprise a ring and do not possess any x 
bonds. Now let's consider all of the different unique 
ways of connecting five carbon atoms around a carbonyl 
group. We can immediately rule out any isomers for 
which we place all five carbon atoms on one side of the 
carbonyl group, as that would generate an aldehyde, not 
a ketone. So, either there are four carbon atoms on one 
side of the carbonyl group and one carbon atom on the 
other side, OR, there are two carbon atoms on one side 
and three carbon atoms on the other side. We must 
explore each of these possibilities. 

If we first consider having two carbon atoms on one side 
and three carbon atoms on the other side, there are only 
two such isomers, shown here: 


i9) i9) 


pw 
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Now we consider having four carbon atoms on one side 
of the carbonyl group and one carbon atom on the other 
side. The side with four carbon atoms can be arranged in 
one of four possible ways, shown here, giving rise to 
four more isomers: 


Linear Chain of 4 Linear Chain of 3 
Met PN 2 3 
3 1 3 1 3 1 


In total, there are six different isomeric ketones with the 
molecular formula CeH120, shown here: 


C D 


2-hexanone 3-hexanone 


A AA 


4-methyl-2-pentanone 
2-methyl-3-pentanone 


3-methyl-2-pentanone 3,3-dimethyl-2-butanone 
19.49. 

(a) The following compound (benzaldehyde) is expected 
to react with a nucleophile more rapidly, because 
aldehydes are more reactive than ketones toward 
nucleophiles, as a result of electronic effects (aldehydes 


are more electrophilic than ketones) as well as steric 
effects (See Section 19.4). 


(b) The following compound is expected to react with a 
nucleophile more rapidly, because each of the 
trifluoromethyl groups is very powerfully electron- 
withdrawing, thereby rendering the carbonyl group even 
more electrophilic. 
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19.50. 

(a) The Wittig reagent attacks the carbonyl group, 
thereby forming a C=C bond between the carbon atom of 
the carbonyl group and the carbon atom attached to 
phosphorus (in the Wittig reagent). In this case, the 
Wittig reagent is stabilized by the presence of the phenyl 
group, so we expect the product to have the E 
configuration. 


Ph Ph 
ie Ph—P=X 
/ 
Ph H 


H — > H 


Ph 


(b) The Wittig reagent attacks the carbonyl group, 
thereby forming a C=C bond between the carbon atom of 
the carbonyl group and the carbon atom attached to 
phosphorus (in the Wittig reagent). In this case, the 
Wittig reagent is not stabilized, so we expect the Z 
alkene as the major product: 


Ph, 
O p 
Ph Ph H 

H 


Ph 


19.51. Each of the Wittig reagents can be made from the 
corresponding alkyl halide, as shown: 


Ph => 
Ph—P 
PR H x 
Ph 
N 


In the first case, the alkyl halide is primary, while in the 
second case, the alkyl halide is secondary (although this 
secondary alkyl halide is likely to behave much like a 
tertiary alkyl halide in that it exhibits significant steric 
hindrance). The latter alkyl halide will be more difficult 
to convert into a Wittig reagent, because it is too 
sterically hindered to undergo an Sn2 attack. 


19.52. 

(a) A Grignard reagent will attack the carbonyl group of 
a ketone, thereby forming a C-C bond and giving a 
tertiary alcohol. In this case, there are two possible 
routes that can be used to form the product via a 
Grignard reaction (the Grignard reaction can be used to 
install either a methyl group or an ethyl group), as 
shown: 


1) MeMgBr 


2)H30* N 
DO 


O 1) EtMgBr / 
A 2) H30* 
(b) A Grignard reagent will attack the carbonyl group of 
a ketone, thereby forming a C-C bond and giving an 


alcohol. In this case, treating cyclohexanone with ethyl 
magnesium bromide (followed by aqueous acidic 


workup) gives the desired product: 


(c) Treating benzophenone with phenyl magnesium 
bromide (followed by aqueous acidic workup) will 
afford the desired product via a Grignard reaction: 


loe 


_)EtMgBr 
2) ~2)H,0* — 


[9] OH 
JL. 1) PhMgBr T S 
Ph Ph 2) H30* Ph Ph 

Ph 


(d) A Grignard reagent will attack the carbonyl group of 
a ketone, thereby forming a C-C bond and giving a 
tertiary alcohol. In this case, there are two possible 
routes that can be used to form the product via a 
Grignard reaction (the Grignard reaction can be used to 
install either a phenyl group or a butyl group), as shown: 


[e] 


S P — 
2) H30* 
HO Ph 
n 1) mew 


€ ke 


19.53. The following retrosynthetic analysis relies on a 
different strategy for opening the ring (rather than 
ozonolysis). Specifically, the final step might involve 
opening a cyclic ester (called a lactone) into the desired 
diol via reduction with LiAIH4 (as seen in Section 12.4). 
This ester can be made from the starting material, as 
shown. An explanation of each of the steps (a-d) 
follows. 


2) H5O* 


" fe) 
wm wea 
HO "2304 
NS 
OH fe) 
d [^ 
SE LAM qi 


a. The diol can be made from the lactone shown, upon 
reduction with excess LiAlHa. 

b. The lactone can be made from the corresponding 
ketone (cyclopentanone). 

c. Cyclopentanone can be made via oxidation of the 
corresponding secondary alcohol (cyclopentanol). 


d. Cyclopentanol can be made from cyclopentene via 
acid-catalyzed hydration. 


Now let’s draw the forward scheme. Cyclopentene is 
treated with aqueous acid to give cyclopentanol, which is 
then oxidized with chromic acid to give cyclopentanone. 
A Baeyer-Villiger oxidation converts the ketone into a 
lactone (a cyclic ester), which can then be converted into 
the product upon treatment with excess LiAlHs followed 
by aqueous acidic workup: 


1) H30* 
2) Na2Cr207, 
H2SO4, H20 PS 
3) RCO3H Ho On 
4) Excess LiAIH4 1) excess 
, 9H LiAIH 
H30 VNTIA 
2) H30* 
OH [e] 
: CY 
Na;Cr20; 
H58S0, , H20 


d RCO3H 


19.54. 
(a) A ketone is converted into an imine upon treatment 
with ammonia in acid-catalyzed conditions (with 
removal of water). 

H 


Pd 


N 


Jl... 


(b) A ketone is converted into an imine upon treatment 
with a primary amine in acid-catalyzed conditions (with 
removal of water). 


N^ 


A 


(c) A ketone is converted into an acetal upon treatment 
with two equivalents of an alcohol in acid-catalyzed 
conditions (with removal of water). 
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EtO OEt 


(d) A ketone is converted into an enamine upon 
treatment with a secondary amine in acid-catalyzed 
conditions (with removal of water). 


SN” 


A 


(e) A ketone is converted into a hydrazone upon 
treatment with hydrazine in acid-catalyzed conditions 
(with removal of water). 
NH2 
N 


A 


(f) A ketone is converted into an oxime upon treatment 
with hydroxylamine in acid-catalyzed conditions (with 
removal of water). 


/OH 
N 


A 


(g) A ketone is reduced to a secondary alcohol upon 
treatment with a reducing agent such as NaBH4 
(methanol serves as a proton source during the reaction). 


OH 


A 


(h) A ketone is converted into an ester upon treatment 
with a peroxyacid. This process is called a Baeyer- 


Villiger oxidation. 
[9] 


Dos 


(i) A ketone is converted into a cyanohydrin upon 
treatment with HCN and KCN. 


HO CN 


(j) Ethyl magnesium bromide is a Grignard reagent (a 
very strong nucleophile) and it will attack a ketone to 
give a tertiary alcohol after aqueous acidic workup (with 
installation of the ethyl group at the o. position to the OH 


group): 
pm 


(k) A ketone is converted into an alkene when treated 
with a Wittig reagent. This particular Wittig reagent 
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(D A ketone is reduced to a secondary alcohol upon 
treatment with LiAlH4 followed by aqueous acidic 


5 workup. 
OH 


19.55. Under acid-catalyzed conditions, the carbonyl group can be protonated, rendering it more electrophilic, and 
subject to attack by a nucleophile. There are two options for the attacking nucleophile in the second step of the 
mechanism: 1) the protonated carbonyl group is tethered to an OH group that can function as a nucleophile and attack 
the protonated carbonyl group in an intramolecular fashion, or 2) the reagent (ethanol) can serve as a nucleophile and 
attack the protonated carbonyl group. Indeed, both of these processes will occur, as the product is an acetal. But we 
must decide which one is likely to occur first. As a general rule, intramolecular reactions will occur more rapidly than 
intermolecular reactions. As such, the second step of the mechanism will show the OH group attacking the protonated 
carbonyl group in an intramolecular fashion to give an oxonium ion, which then loses a proton to give a hemiacetal (the 
base for this step is likely a molecule of ethanol). Protonation of the hemiacetal gives a good leaving group (water) 
which leaves to give a resonance-stabilized cation that is attacked by ethanol. The resulting oxonium ion is then 
deprotonated to afford the product. 


installs three carbon atoms, to give the following 
product: 


1 
Qo OH 


ML———M—ÉoxX H 


19.56. When ethylene glycol is treated with a ketone or 
aldehyde in acidic conditions, a cyclic acetal is formed: 


» 


C7HgO2 


OH H + 
H 
X + og NUT 
OH H 


O " 
C d Ox 
OH R iS 


Catechol also has two OH groups (like ethylene glycol). 
So, when treated with a ketone or aldehyde in acidic 
conditions, catechol can behave much like ethylene 
glycol, giving formation of a cyclic acetal: 


19.57. 

(a) This transformation requires installation of a methyl 
group, which can be achieved with a Grignard reaction 
(by treating the starting material with methyl magnesium 
bromide, followed by aqueous acidic workup) The 
resulting tertiary alcohol can then be heated with 
concentrated sulfuric acid to give an El process, 
generating the desired alkene. 


1) MeMgBr 
2) HO* 


H 


3) conc. H2SO4, heat 


OH 


1) MeMgBr 


2) HO* conc. H2SO4 


heat 


(b) This transformation requires installation of a carbon 
atom, while converting the carbonyl group into a C-C 
bond. This can be achieved in just one step, via a Wittig 
reaction: 
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(c) This transformation can be achieved in just two 
steps: 1) conversion of the ketone to a cyanohydrin, 
followed by 2) hydrolysis of the cyano group to give a 
carboxylic acid: 


HO CN HO COOH 
KCN H4O* 
——- ————— 
HCI 


(d) This transformation involves insertion of an oxygen 
atom next to the carbonyl group of a ketone, thereby 
converting the ketone into a cyclic ester. This can be 
accomplished with a Baeyer-Villiger oxidation, which 


requires the use of a peroxyacid. 


o 
PhP-CH; n 


RCO3H O 
— 


19.58. Under acid-catalyzed conditions, one of the carbonyl groups can be protonated, rendering it more electrophilic, 
and subject to attack by a nucleophile. Water serves as a nucleophile, attacking the protonated carbonyl group to give 
an oxonium ion, which then loses a proton (the base for this deprotonation step is likely a molecule of water). Under 
these conditions, the other carbonyl group can be protonated, rendering it more electrophilic (just as we saw with the 
first carbonyl group), and subject to attack by a nucleophile. One of the OH groups (present in the intermediate), can 
then function as a nucleophile and attack the protonated carbonyl group, giving an oxonium ion, which is deprotonated 
to give the product. 


19.59. 

(a) An imine can be prepared from a ketone (or 
aldehyde) and a primary amine. To determine the 
starting ketone and starting amine that must be used, we 
consider the location of the C=N bond in the imine. The 
carbon atom of this bond must have been a carbonyl 
group in the starting ketone, and the nitrogen atom must 
have been connected to two protons in the starting 
amine. So, the following starting materials should give 
the desired imine (under acid-catalyzed conditions with 
removal of water): 
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(b) An imine can be prepared from a ketone (or 
aldehyde) and a primary amine. To determine the 
starting ketone and starting amine that must be used, we 
consider the location of the C=N bond in the imine. The 
carbon atom of this bond must have been a carbonyl 
group in the starting ketone, and the nitrogen atom must 
have been connected to two protons in the starting 
amine. So, the following starting materials should give 
the desired imine (under acid-catalyzed conditions with 
removal of water): 


O HN 
n [H2504] 
- H20 
N 

ae 
(c) An imine can be prepared from a ketone (or 
aldehyde) and a primary amine. To determine the 
starting ketone and starting amine that must be used, we 
consider the location of the C=N bond in the imine. The 
carbon atom of this bond must have been a carbonyl 
group in the starting ketone, and the nitrogen atom must 
have been connected to two protons in the starting 
amine. In this case, the C=N bond is incorporated into a 
ring, which means that the starting ketone and the 
starting amine must have been tethered to each other in 
the starting material (thereby closing into a cyclic imine). 
That is, imine formation must occur in an intramolecular 


fashion (under acid-catalyzed conditions with removal of 
water): 


[H2804] a 
—____» 


NH2 - H5O 


19.60. 

(a) An enamine can be prepared from a ketone (or 
aldehyde) and a secondary amine. To determine the 
starting ketone and starting amine that must be used, we 
consider the location of the vinylic carbon atom 
(highlighted) connected directly to nitrogen: 


C PO 


This carbon atom must have been a carbonyl group in the 
starting ketone, and the nitrogen atom must have been 
connected to one proton in the starting amine. So, the 
following starting materials should give the desired 
enamine (under acid-catalyzed conditions with removal 
of water): 


[H2804] 


Tar 


(b) An enamine can be prepared from a ketone (or 
aldehyde) and a secondary amine. To determine the 
starting ketone and starting amine that must be used, we 
consider the location of the vinylic carbon atom 
(highlighted) connected directly to nitrogen: 


O< 


This carbon atom must have been a carbonyl group in the 
starting ketone, and the nitrogen atom must have been 
connected to one proton in the starting amine. So, the 
following starting materials should give the desired 
enamine (under acid-catalyzed conditions with removal 
of water): 


Oc =O 


O= O 


[H2504] 


OO 


(c) An enamine can be prepared from a ketone (or 
aldehyde) and a secondary amine. To determine the 
starting ketone and starting amine that must be used, we 
consider the location of the vinylic carbon atom 
(highlighted) connected directly to nitrogen: 


N 


This carbon atom must have been a carbonyl group in the 
starting ketone, and the nitrogen atom must have been 
connected to one proton in the starting amine. In this 
case, the C-N bond of the enamine group is incorporated 
into a ring, which means that the starting ketone and the 
starting amine must have been tethered to each other in 
the starting material (thereby closing into a cyclic 
enamine). That is, enamine formation must occur in an 
intramolecular fashion (under acid-catalyzed conditions 
with removal of water): 
| 


Ò N 
H [H2504] 
— 
N Sa - HÔ 


19.61. 
(a) To determine the products of hydrolysis of an 
enamine, we must first identify the bond that will 


undergo cleavage. Bond cleavage is expected for the 
bond between the nitrogen atom and the sp?-hybridized 
carbon atom to which it is attached: 


Therefore, the following carbon atom will be converted 
into a carbonyl group: 


As a result of the C-N bond cleavage, the carbon atom 
becomes a carbonyl group, and the nitrogen atom will 
accept a proton to generate a secondary amine (dimethyl 
amine): 


Se: o 
A = 
CBE . 


(b) To determine the products of hydrolysis of an imine, 
we must first identify the bond that will undergo 
cleavage. Bond cleavage is expected for the C=N bond: 


(CH3)oNH 


Therefore, the following carbon atom will be converted 
into a carbonyl group: 


N 


As a result of cleavage of the C=N bond, the carbon 
atom becomes a carbonyl group, and the nitrogen atom 
will accept two protons to generate a primary amine 
(methyl amine): 


8 
(c) To determine the products of hydrolysis of an acetal, 
we must first identify the bonds that will undergo 


H3O* 


y + 


CH3NH3 
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cleavage. Bond cleavage is expected for the C-O bonds 
of the acetal group: 


o 
ss 
o 


Therefore, the following carbon atom will be converted 
into a carbonyl group: 


Oo 
o 


In the process, a diol is released, as shown: 


L o 
H4O* IJN 
=e È * wd O 


(0) 6) 
(d) The starting compound exhibits a carbon atom that is 
connected to two oxygen atoms, as shown, and is 
therefore an acetal: 


When an acetal is treated with aqueous acid, it will 
undergo hydrolysis. During acetal hydrolysis, cleavage 
occurs for the C-O bonds of the acetal group: 


Each of these bonds is broken, thereby converting the 
carbon atom of the acetal group into a carbonyl group. 
In the process, each of the oxygen atoms will accept a 
proton to become an OH group, giving the following 
product, which exhibits a carbonyl group, as well as two 
OH groups: 


O H4O* 


I 
le 
o 
I 
Ii 


HO 
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19.62. This compound contains three different functional groups that will each undergo hydrolysis. The enamine 
(upper left corner) is hydrolyzed to give a ketone and a secondary amine. The imine (bottom left) is hydrolyzed to give 
an aldehyde and an amino group (tethered together). And finally, the cyclic acetal is hydrolyzed to give a ketone and 
ethylene glycol. Shown below, the three carbon atoms that will be converted into carbonyl groups have been 
highlighted: 


\ o 


7 
O excess H4O* \ iS O 


— N~y i y 


zo 
o 
I 
o 


NH» 


19.63. 

(a) This transformation involves hydrolysis of an enamine under acidic conditions, and therefore, we propose a 
mechanism that is the reverse of the mechanism for enamine formation (all of the same intermediates, but in reverse 
order). Under acid-catalyzed conditions, the x bond of the enamine can be protonated, giving an iminium ion which is 
then attacked by water to give an oxonium ion. Loss of a proton gives a carbinolamine intermediate. Protonation of 
the amino group gives a good leaving group, which leaves to give a resonance-stabilized cation that is deprotonated to 
give the product. 


oO 
/ 
H 
D 
O 
H ©`H 
. Gor a, 
fe) uem H Le? F 
eer ee ——— ONL 
:OH 


(b) This transformation involves hydrolysis of an imine under acidic conditions, and therefore, we propose a 
mechanism that is the reverse of the mechanism for imine formation (all of the same intermediates, but in reverse 
order) Under acid-catalyzed conditions, the imine is protonated, giving an iminium ion which is then attacked by 
water to give an oxonium ion. Loss of a proton gives a carbinolamine intermediate. Protonation of the amino group 
gives a good leaving group, which leaves to give a resonance-stabilized cation that is deprotonated to give the product. 
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(c) This transformation involves hydrolysis of an acetal under acidic conditions, and therefore, we propose a 
mechanism that is the reverse of the mechanism for acetal formation (all of the same intermediates, but in reverse 
order). Under acid-catalyzed conditions, one of the oxygen atoms can be protonated (we can protonate either oxygen 
atom, and the end result will be the same), giving an oxonium ion. Loss of leaving group gives a resonance-stabilized 
cation that can be attacked by water to give another oxonium ion. Deprotonation gives a hemiacetal (water likely 
functions as the base for this step). Protonation, followed by loss of a leaving group gives a protonated aldehyde, 
which is deprotonated to give the product. 


H 
"e | LH OH OH 
to Ox ep Mis DA. 
Ay — A — — 
fe) Roe Yoo (0) 
® 
ou 


e^ H OH 
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19.64. 

(a) The starting material is a ketone, and the reagent is a 
substituted derivative of hydrazine. We therefore expect 
the following substituted hydrazone as a product: 


(b) The starting material is a ketone, and the reagent is 
phenyl magnesium bromide (a Grignard reagent, which 
is a very strong nucleophile). The Grignard reagent will 
attack the ketone to give a tertiary alcohol (with 
installation of the phenyl group at the a position): 


ie HO Ph 


1) PhMgBr 
2) H30* 


(c) The starting material is a ketone, and the reagent 
(CH3CO3H) is a peroxy acid, which indicates a Baeyer- 
Villiger reaction, thereby converting the ketone into an 
ester. We expect that the oxygen atom will be inserted 
on the right side (tertiary) rather than left side (phenyl), 
because of differences in migratory aptitude (tertiary > 


phenyl). 


Oo [6] 
——— 


(d) The starting material is a ketone, and the reagent 
(CH3CO3H) is a peroxy acid, which indicates a Baeyer- 
Villiger reaction, thereby converting the ketone into an 
ester. We expect that the oxygen atom will be inserted 
on the right side (tertiary) rather than left side 
(secondary), because of differences in migratory aptitude 
(tertiary > secondary). 


o o 
CH;CO3H MC 
—————- O 


(e) A ketone is converted into an imine upon treatment 
with a primary amine in acid catalyzed conditions (with 
removal of water). In the process, the C=O bond is 
replaced with a C=N bond. 


- H2Ò 


19.65. 

(a) The desired product is a cyclic acetal, which will 
require a diol and the appropriate ketone or aldehyde. 
To determine the identity of the starting ketone or 
aldehyde, we find the carbon atom that is connected to 
two oxygen atoms (highlighted): 


CK 

(0) 

This carbon atom bears the acetal group, so this carbon 
atom must have been the carbonyl group in the starting 


materials, as shown. The starting materials are 1,3- 
propanediol and acetone. 


OH [H*] [9] 
qe us 
OH - H20 O 
(b) This compound is a cyclic acetal, which can be made 


from the corresponding hydroxy-ketone and ethanol, as 
shown: 


[H*] 


+ EtOH —— > 


O - H20 o CE 


HO 


(c) The product is an acetal, because the following 
(highlighted) carbon atom is connected to two oxygen 


atoms: 
ay 
[9] [e] 


This carbon atom must have been the carbonyl group in 
the starting material, as shown: 


[H*] 
Ho BOTE ca 
H o OH - H20 i9) (0) 


The starting material exhibits a carbonyl group, as well 
as two OH groups, and can be redrawn like this: 


19.66. The desired product is an acetal, because the 
following (highlighted) carbon atom is connected to two 


oxygen atoms: 
C] 
(0) 


This carbon atom must have been the carbonyl group in 
the starting material, as shown: 


OH 
+ © ———À 223 — 
OH - H0 i9) 


The diol and aldehyde shown above (ethylene glycol and 
acetaldehyde) can both be prepared from ethanol, as 
shown in the following retrosynthetic analysis. An 
explanation of each of the steps (a-d) follows. 


M oe E cert 
j^ — 4 


[o] 
AoH M La MoH 
a. The acetal can be made from ethylene glycol and 
acetaldehyde. 
b. Ethylene glycol can be made from ethylene via 
dihydroxylation. 
c. Ethylene can be made from ethanol via acid- 
catalyzed dehydration. 


d. Acetaldehyde can be prepared from ethanol via 
oxidation (with PCC) 


Now let’s draw the forward scheme. Ethanol is heated 
with concentrated sulfuric acid to give ethylene. 
Subsequent treatment with potassium permanganate (or 
osmium tetroxide) gives ethylene glycol. 

Another equivalent of ethanol is oxidized with PCC (or 
DMP or Swern conditions) to give an aldehyde, which is 
then treated with ethylene glycol in acid-catalyzed 
conditions (with removal of water) to give the desired 
acetal, as shown. 
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conc. 
H5SO4 
<N ZA 
OH heat ae 
PCC KMnO4 
NaOH 
CH5Cl5 cold 
O HOSAN 
OH & 
p [H*] p 
- H0 
19.67. 


(a) The desired product is an acetal, because the 
following (highlighted) carbon atom is connected to two 


oxygen atoms: 
QO 


Therefore, this acetal can be made (via acetal formation) 
from the following dihydroxyketone: 


OH HO 
[0] [H*] O oO 
——————— 
- HÒ 


Now we must find a way to convert the starting material 
into the dihydroxyketone above. It might be tempting to 
perform ozonolysis on the starting material, followed by 
reduction: 


(0) (0) Oo 
9 9 
(0) (0) HO OH 


However, the reduction step is problematic, because we 
have not learned a way to selectively reduce the 
aldehyde groups in the presence of a ketone. Therefore, 
treatment with a reducing agent (such as excess LiAIH4 
or NaBH4) would result in a triol: 


(0) OH 
9 O 
Oo (0) HO | OH 


To circumvent this problem, we must first protect the 
ketone, before opening the ring with ozonolysis. 
The entire synthesis is summarized here: 
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O Z/N 
1) HO OH , 
[H*], - H20 Ox O 
2)0 LX 
3) DMS 
4) xs LIAIH4 " 
" oH  5)HsO* [H] 
[H] C 6) [H*], - H20 - H20 
- H20 
OH 
o 
O 
01.740 
HO OH 
1) O3 y 
E DMS | Hae 
Qc 0 Oo JO 
xs LiAIH, 


er 


o° MS 


Om 


l 
O 


(b) The desired product is an acetal, because the 
following (highlighted) carbon atom is connected to two 
oxygen atoms: 


O O 


Therefore, this acetal can be made (via acetal formation) 
from the following dihydroxyketone: 


Ho 9 OH [H*] o-o 
- H5O 
Now we must find a way to convert the starting material 


into the dihydroxyketone above. It might be tempting to 
simply reduce the cyclic ester with xs LiAIHa: 


le 
ES OH 
WA oe, 
e 


However, this reduction step is problematic, because 
treatment with a reducing agent (such as LiIAIH4) would 
result in a triol: 


n OH 
ws at 
—_ 

o ÓH 


To circumvent this problem, we must first protect the 
ketone, before opening the ring with reduction. The 
entire synthesis is summarized here: 


E iF Ti 
o ) xs LIAIH4 
TE 
S/n [H*] 
- H20 


4) [H*], - H20 
HO OH 
ES : 


[H*] 
- H20 
[9] 
m 
(0) Oo 
\ aif 
xs 
LiAIH4 a H30* 
19.68. The starting compound exhibits a carbon atom 


that is connected to two oxygen atoms, as shown, and is 
therefore an acetal: 


Oo 
i9) 


When an acetal is treated with aqueous acid, it is 
expected to undergo hydrolysis. We first identify the 
bonds that will undergo cleavage. When an acetal 
undergoes hydrolysis, cleavage occurs for the C-O bonds 
of the acetal group: 


Each of these bonds is broken, thereby converting the 
carbon atom of the acetal group into a carbonyl group. 
In the process, each of the oxygen atoms will accept a 


proton to become an OH group, giving the following 
product, which exhibits a carbonyl group, as well as two 
OH groups: 


H30* 


O 
O 
e A = OH a 
fe) HO 


19.69. 

(a) The product has three more carbon atoms than the 
starting material, which requires a C-C bond-forming 
reaction. Also, the position of the double bond must be 
moved. The extra three carbon atoms and the double 
bond can both be installed in the correct location if the 
last step of our synthesis is a Wittig reaction: 


Oo 
Cy Cnn 
This strategy requires converting the starting alkene 
(cyclohexene) into the ketone shown above 
(cyclohexanone), which can be achieved in two steps 


(via acid-catalyzed hydration, followed by oxidation 
with chromic acid). A Wittig reaction then gives the 
2) Na;5Cr2O;, 


final product: 
(Y 
es H20 


m [ 


G PPh 
(b) The product is an acetal, which can be made from the 
ES ketone: 


OH a. 
“2MeOH 


- H20 


P 
Php A ~~ 


— —s—T. 


DHO 1 


E IU 
H2SO4, H20 


MeO OMe 


oi 


This ketone can be made from the starting material in 
just two steps. First, the dibromide is converted to an 
alkyne upon treatment with excess sodium amide (via 
two successive E2 reactions), followed by water work-up 
(to protonate the resulting alkynide ion). The terminal 
alkyne is then treated with aqueous acid, in the presence 
of mercuric sulfate, giving a hydration reaction. The 
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initially formed enol will rapidly tautomerize to give a 
ketone. Conversion of the ketone to an acetal then gives 
the desired product. 


MeO OMe 
) excess NaNH; 
Li NH H2O 
oo 3) H2504, H5O 
HgSO4 
4) [H*], 2 MeOH, - HO 
[H] 
1) excess NaNH> 2 MeOH 
2) H20 - HO 
H58O4, H5O 
o HgS% 


m 


(c) The desired product is an acetal, because the 
following (highlighted) carbon atom is connected to two 


oxygen atoms: 
$ 


O 


Therefore, this acetal can be made (via acetal formation) 
from the following ketone and diol: 


Ò 
+ [H*] 
———— 
OH - H20 Ò 


Now we must find a way to convert the starting 
cycloalkene into the diol shown above. This can be 
achieved in just two steps. First, the ring is opened with 
an ozonolysis reaction to produce a dialdehyde. Then, 
the dialdehyde is reduced to a diol upon treatment with 
two equivalents of a reducing agent. Acetal formation 
then gives the final product. 


1) Os (0) 
2) DMS 
a —— M 
3) NaBH, (2 eq.), MeOH o 
4&4 [H] O, 
[H*] 
1) Og (-H20 } o 
2) DMS Pee 
H (-H,0 ) 
o OH 
NaBH, (2 eq.) 
O MeOH OH 
H 
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19.70. The steps of the following mechanism are based on the steps found in Mechanism 19.6 (imine formation). A 
lone pair on the nitrogen atom attacks one of the carbonyl groups, giving an intermediate that is protonated (under 
acidic conditions). The resulting cation is then deprotonated, followed by protonation of the OH group, thereby 
converting a bad leaving group into a good leaving group (water). Loss of the leaving group gives a cation, which is 
then deprotonated. The second carbonyl group is then attacked by a nucleophile, this time in an intramolecular fashion. 
The NH» group functions as a nucleophile and attacks the carbonyl group, closing a ring. The resulting intermediate is 
then protonated to remove the negative charge, followed by deprotonation. Protonation of the OH group converts a bad 
leaving group into a good leaving group (water), which then leaves. The resulting cation is then deprotonated to give 


the product. 


ZOS 
oe H `H b - H20 
if » 
NH, O NH, 9 


H 
N Coe 
ENS H H 
[ope 
© O: 
N =A 


| H, -H 
e N KOM 
` 
XX /— 
7 N N? 
H H H H 


yor 
Nw H PALES H N - H20 
Zz Zz 
N ei» 
H 


19.71. Cyclopropanone exhibits significant ring strain, 120? to be strain-free) is replaced by an sp?-hybridized 
with bond angles of approximately 60?. Some of this carbon atom (that must be only 109.5? to be strain-free). 
ring strain is relieved upon conversion to the hydrate, In contrast, cyclohexanone is a larger ring and exhibits 
because an sp?-hybridized carbon atom (that must be only minimal ring strain. Conversion of cyclohexanone 


to its corresponding hydrate does not alleviate a 
significant amount of ring strain. 


19.72. 1,2-dioxane has two adjacent oxygen atoms and 
is therefore a peroxide. Like other peroxides, it is 
extremely unstable and potentially explosive. 

1,3-dioxane has two oxygen atoms separated by one 
carbon atom. This compound is therefore an acetal. 
Like other acetals, it is only stable under basic 
conditions, but undergoes hydrolysis under mildly acidic 
conditions. 

1,4-dioxane is neither a peroxide nor an acetal. It is 
therefore stable under basic conditions as well as mildly 
acidic conditions (like other ethers), and is used as a 
common solvent because of its inert behavior. 


19.73. 


(a) The desired product is an acetal, because the 
following (highlighted) carbon atom is connected to two 


oxygen atoms: 
ow 
ie! 


Therefore, this acetal can be made (via acetal formation) 


from the following diol and formaldehyde: 
OH H 
^ disk s. ] 
CC. of a OS 
OH H 


The diol can be made from the starting alkene in just one 
step, giving the following two-step synthesis: 


SKOA NaON eode = KMnO,, NaOH, cold ee 
O 


an [H^], - H20 


OH H H 
CT = - = 
OH 


(b) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 


steps (a-c) follows. 
dd C 
C 


Br 
Ee 
dis 


H 


KMnO, 
NaOH, cold 


— 
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The desired alkene can be made from a ketone via a 
Wittig reaction. 

b. The ketone can be made via oxidation of the 
corresponding secondary alcohol. 

c. The alcohol can be made from the starting material 
via a Grignard reaction. 


Now let's draw the forward scheme. Treating the 
starting material with magnesium gives a Grignard 
reagent, which is then treated with acetaldehyde (to give 
a Grignard reaction), followed by aqueous acidic 
workup, to give the alcohol. Conversion of the alcohol 
to a ketone requires an oxidation reaction, and we have 
chosen to use PCC as the oxidizing agent in this case, 
because chromic acid would likely oxidize the benzylic 
position. The resulting ketone is then converted into the 
desired product upon treatment with a Wittig reagent: 


Can 1) Mg 
2) A. 


H 
1)M 
) 3s 3) HO* 
2) 4) PCC, CH2Ch Ph;P-CH» 
"S 5) Ph3P-CH; 
3) H30* 

-—PeG. s 

CHeCh 


(c) The desired product is an acetal, because the 
following (highlighted) carbon atom is connected to two 


oxygen atoms: 
aS 


(0) 


Therefore, this acetal can be made (via acetal formation) 
from the following aldehyde: 


H [H*] o 
— 
- H20 


So we will need to make this aldehyde from the starting 
material. But the starting material lacks a functional 
group, so the first step of our synthesis must be a radical 
bromination process in order to install a functional 


group: 


Bro 
hv 
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With the functional group installed, we must now bridge 
the gap between the first and last steps of the synthesis: 


Ó 


This transformation does not involve a change in the 
carbon skeleton, but it does involve a change in both the 
location and the identity of the functional group. This 
can be achieved in just a few steps: 

1) elimination to give an alkene (upon treatment with 
a strong base), 

2) hydroboration-oxidation to convert the alkene into a 
primary alcohol via anti-Markovnikov addition of H 
and OH, and 

3) oxidation of the primary alcohol to an aldehyde 


(with PCC or DMP or Swern). 
The entire synthesis is summarized here: 
a 
O 


1) Bro, hv 

2) NaOEt 

3) BH3* THF 

4) H202, NaOH 


5) PCC, CH;?CL | / N 
Br; : hv /——N HO OH 
6) HO OH [H*], - H20 
[H*], - H20 [e 
| l 
NaOEt PCC 
e 
1) BH, THF 
—————————— 
2) H20», NaOH 


(d) There is certainly more than one acceptable solution 
to this problem. One such solution derives from the 
following retrosynthetic analysis. An explanation of 
each of the steps (a-c) follows. 


OH 
on 


— 


a. The product is a cyanohydrin, which can be made 
from the corresponding ketone. 

b. The ketone can be made via oxidation of the 
corresponding secondary alcohol. 

c. The alcohol can be made from the starting alkene 
via acid-catalyzed hydration. 


Now let's draw the forward scheme. The starting alkene 
is converted to an alcohol upon treatment with aqueous 
acid. Oxidation of the alcohol with chromic acid gives a 
ketone, which can then be converted into the desired 
cyanohydrin upon treatment with KCN and HCI: 


OH 


1) HO* 


—) 


2) NasCr207 


H5SO4, H20 
I 
mar 3) KCN, HC EN 
HCl 
NasCr207 
H2804, H20 


"LL LT 


(e) The desired product is an imine, which can be made 


from the corresponding ketone: 


So we will need to make this ketone from the starting 
material. But the starting material lacks a functional 
group, so the first step of our synthesis must be a radical 
bromination process in order to install a functional 


group: 
* E " 


With the functional group installed, we must now bridge 
the gap between the first and last steps of the synthesis: 


qu 


This transformation does not involve a change in the 
carbon skeleton, but it does involve a change in both the 
location and the identity of the functional group. This 
can be achieved in just a few steps: 


1) elimination to give an alkene (upon treatment with 
a strong base), 

2) hydroboration-oxidation to convert the alkene into a 
secondary alcohol via anti-Markovnikov addition of 
H and OH, and 

3) oxidation of the secondary alcohol to a ketone (with 
chromic acid). 


The entire synthesis is summarized here: 


1) Bro, hv 
2) NaOEt 
——————— 
3) BH: THF 
4) H505, NaOH 
[e hy 5) Na)Cr0; It. 4, NHs 
H2504, H20 - H20 
Br 6) [H*], NH3 
- H20 
| NaOEt ea 
/ we H20 
OH 
1) BH3- THF 


2) H205, NaOH 


(f) This transformation does not involve a change in the 
carbon skeleton, but it does involve a change in both the 
location and the identity of the functional group: 


This can be achieved in just a few steps: 

1) elimination with a strong, sterically hindered base 
to give the less-substituted alkene, 

2) hydroboration-oxidation to convert the alkene into a 
primary alcohol via anti-Markovnikov addition of H 
and OH, and 

3) oxidation of the primary alcohol to an aldehyde 
(with PCC or DMP or Swern conditions): 


1) -BuOK 
O)BHeTHE 0 
AN T3) H207, NaOH 
) PCC, CHCl 
| t-BuOK 


ZY 7 amener 


1)BH THF 
2) H0», NaOH 
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(g) The product is an enamine, which can be prepared 


from the corresponding ketone: 
Se 
LOBBY ] 
WCHgNH - 
This ketone can be made from benzene via a Friedel- 


- HO 
Crafts acylation: 
O REL uit 


1) pu N 
á , AlCl} 


© 2) [H*], (CH3)2NH 


- H20 
o o 
D [H*] 
cl (CH3)2NH 
AICls - H20 


(h) The desired product is an acetal, because the 
following (highlighted) carbon atom is connected to two 


oxygen atoms: 


O70 


Therefore, this acetal can be made (via acetal formation) 
from the following diol and formaldehyde, as shown: 


So we will need to make this diol from the starting 
material. This can be achieved in just two steps. First, 
the starting diyne is treated with sulfuric acid, in the 
presence of mercuric sulfate, to give a dione. Then, the 
dione can be reduced with two equivalents of LiAlHs, 
followed by aqueous acidic workup, to give the diol, 
which is then converted into the desired acetal. 
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1) H2504, H20 
HgSO4 
Pa . 2)LiAIH, (2 eq.) LiAIH, (2 eq.) 
a S 3H05 — —— 
4) [H*], CHO Ce 
- H20 
H5SO4, H20 B 
HgSO4 cs 
— 1) LiAIH4 (2 eq.) X. 
+ 
OQ, OO OH OH 
19.74. The correct answer is (a). A ketone will react 


with a secondary amine (in the presence of an acid 
catalyst) to give an enamine. 


19.75. The correct answer is (d). This process occurs 
under acid-catalyzed conditions. Under these conditions, 
option (d) is unlikely to form, because it has a negative 
charge on an oxygen atom, which is a strong base. 
Strong bases are unlikely to form in acidic conditions. 


19.76. The correct answer is (b) The desired 
compound is an acetal, because the highlighted carbon 
atom is connected to two OR groups: 


(0) 


Acetal formation involves formation of the following 


bonds: 


(0) 


This acetal can be formed from the following reactants: 


— > CT 
+ HOCH 
5—o OCH; pe i 


19.77. The correct answer is (d). The parent is a chain 
of six carbon atoms, with the carbonyl group at C2, so 
the parent is 2-hexanone. Next, we identify the 
substituents. There is only one (a hydroxy group at C5): 


HO 


5-hydroxy-2-hexanone 


19.78. The correct answer is (c). To determine the 
products of hydrolysis of an acetal, we must first 
identify the bonds that will undergo cleavage. Bond 
cleavage is expected for the C—O bonds of the acetal 


group: 
oc 
Ho. A 
Therefore, the following carbon atom (highlighted 


below) will be converted into a carbonyl group: 


" 


HO O 


In the process, a diol is released. In this case, an 
additional hydroxyl group is present, making one of the 
products a triol, rather than a diol, as shown: 


[se 


OH Je 
+ 
o. Aon [0] 


19.79. | The correct answer is (b). The Wittig reagent 
attacks the carbonyl group, thereby forming a C=C bond 
between the carbon atom of the carbonyl group and the 
carbon atom attached to phosphorus (in the Wittig 
reagent). In this case, no stereoisomerism is possible in 
the product. 


Swap 


d \ ©pph, 


Ky. = Oo 


19.80. The correct answer is (d). The starting material 
has both a ketone and an acetal, and the reagent is methyl 
magnesium bromide (a Grignard reagent, which is a very 
strong nucleophile). The Grignard reagent will not react 
with the acetal but will attack the electrophilic ketone to 
give a tertiary alkoxide (with installation of the methyl 
group at the a position). 


ie Me, o9 
MeMgBr 
————- 
OCHs OCHs 


OCH; OCH; 


no reaction at acetal 
(a protected carbonyl) 


The acidic aqueous workup (H30") serves to protonate 
the alkoxide intermediate. At the same time, the acetal 
protective group is removed. Hydrolysis of the acetal 
generates an aldehyde product. 


o 


Me O Me OH OH 


H30* 
——— 


\-OCHs 
ys CHO 


OCH; iS) 


19.81. The correct answer is (c). We need to select a 
reagent that will react with the ketone, but not with the 
alkene. A ketone is reduced to a secondary alcohol upon 
treatment with LiAlH4 followed by aqueous workup. The 
alkene functional group does not undergo reduction with 
hydride. 

[9] OH 


1) LiAIH, 
— 
2) Heo" 


19.82. The molecular formula (C7H140) indicates one 
degree of unsaturation (see Section 14.16). Therefore, 
the compound must have either one double bond or one 
ring. Treating compound A with a reducing agent 
(NaBH4) gives an alcohol, so compound A is a ketone or 
aldehyde (accounting for the one degree of unsaturation). 
The 'H NMR spectrum of compound A exhibits only 
two signals (for 14 protons). Therefore, the structure 
must be symmetrical. The two signals in the 'H NMR 
spectrum are characteristic of an isopropyl group, which 
means that compound A must be diisopropyl ketone (or 
2,4-dimethyl-3-pentanone). Conversion of compound A 
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into a thioacetal, followed by desulfurization with Raney 
nickel, gives compound B. Notice that the carbonyl 
group has been reduced to a methylene (CH) group. 


TT 


Compound B 


(0) 


Compound A 


(a) Compound B is symmetrical, much like compound 
A, giving rise to only three signals in its 'H NMR 
spectrum, corresponding with the following protons: 


HaC) CH, 
V. od ee 
H—-C—C-C-H 
/ | \ 
H3C H CH3 
Compound B 
(b) Compound B is symmetrical, giving rise to only 
three signals in its C NMR spectrum, corresponding 


with the following three unique locations: 


H 
Hi) Ho 6H, 


H-C34C;- C —H 
Peo ON 
H3C H CH3 
Compound B 


(c) Compound A is a ketone, while compound B is an 
alkane. Therefore, compound A will exhibit a strong 
signal near 1715 cmr!, while compound B will not 
exhibit a signal in the same region. 
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19.83. Compound C is converted to an enamine upon treatment with a secondary amine under acid-catalyzed 
conditions, so compound C must be the corresponding ketone. Once we know the structure of compound C, the other 
structures can be identified. Compound A must be an alkene, because ozonolysis gives a ketone (we know that only 
one carbon atom is lost during this process, because the molecular formula of compound A indicates 10 carbon atoms, 
while the resulting ketone has only nine carbon atoms). Compound B must be an acyl halide with three carbon atoms, 
in order to install an acyl group on the aromatic ring via a Friedel-Crafts acylation. Compound D is formed when a 
Grignard reagent (ethyl magnesium bromide) attacks the ketone to give an alkoxide ion which is then protonated (via 
aqueous acidic workup) to give a tertiary alcohol, as shown: 


1) 05 1) EtMgBr 
2) DMS 2) H30} 


Compound A 
re) Compound D 


mp 


Compound B Compound C V 
-H20 


19.84. Cyclohexene is converted to cyclohexanol upon treatment with aqueous acid (acid-catalyzed hydration). 
Cyclohexanol is oxidized to cyclohexanone upon treatment with a strong oxidizing agent. Upon treatment with 
hydrazine in acid-catalyzed conditions, cyclohexanone is converted into the corresponding hydrazone. A Wolff- 


Kishner reduction then gives cyclohexane. 
The conversion of cyclohexene to cyclohexane can be achieved more directly, in one step, via catalytic hydrogenation: 


OH ie) 
E H4O* CY HoCrO, CY 


Hə, Pt NH>NH> 


Nv 
KOH, H20 NH; 
< 
heat 


19.85. Benzene undergoes an electrophilic aromatic substitution reaction when treated with Br» and a Lewis acid, such 
as FeBrs, to give bromobenzene. Subsequent treatment with magnesium gives a Grignard reagent (phenyl magnesium 
bromide), which reacts with formaldehyde to give benzyl alcohol (after aqueous acidic workup). This alcohol is 
oxidized by PCC to give benzaldehyde, which is then converted into an acetal upon treatment with ethylene glycol 
under acid-catalyzed conditions. 


Os FeBr3 


19.86. 

(a) The problem statement indicates that the compound 
is an aldehyde. The molecular formula (C4H6O) 
indicates two degrees of unsaturation (see Section 
14.16), but the aldehyde group only accounts for one of 
the degrees of unsaturation. The signal at 1715 cm! 
(stretching of the carbonyl group) indicates that the 
carbonyl group is NOT conjugated. If it were 
conjugated, the signal would be expected to appear at 
lower wavenumber (below 1700 cm'!). 

The following two structures are consistent with the 
requirements described above. The first aldehyde is 
acyclic and exhibits a double bond that is not conjugated 
to the carbonyl group, while the second aldehyde is 


cyclic: 
H Jase or H d 


(b) The acyclic aldehyde would exhibit four signals in its 
BC NMR spectrum, while cyclopropyl carbaldehyde 
would exhibit only three signals in its BC NMR 
spectrum (two of the carbon atoms of the cyclopropyl 
group are identical). Furthermore, we would expect the 
chemical shifts to be markedly different. 


19.87. The molecular formula (CoH10O) indicates five 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring, in addition to 
either one double bond or one ring. 

In the 'H NMR spectrum, the signals near 7 ppm are 
likely a result of aromatic protons. Notice that the 
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MgBr 


2) H0 — 
PCC 
CHeClo 
Oo H Oo 
HO OH 
c 
[H*] ,- H20 
D 


combined integration of these signals is 5H, indicating a 
monosubstituted aromatic ring: 


The spectrum also exhibits the characteristic pattern of 
an ethyl group (a quartet with an integration of 2 and a 
triplet with an integration of 3): 


"n 
ro 
H H 


If we inspect the two fragments that we have determined 
thus far (the monosubstituted aromatic ring and the ethyl 
group), we will find that these two fragments account for 
nearly all of the atoms in the molecular formula 
(CoH100). We only need to account for one more carbon 
atom and one oxygen atom. And let's not forget that our 
structure still needs one more degree of unsaturation, 
suggesting a carbonyl group: 


There is only one way to connect these three fragments. 
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H H 


TEE 
CNN d 
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This structure is consistent with the C NMR spectrum. 
The signal near 200 ppm corresponds with the carbon 
atom of the carbonyl group. A monosubstituted aromatic 
ring gives four signals between 100 and 150 ppm, and 
there are two signals between 10 and 60 ppm, 
corresponding to the carbon atoms of the ethyl group. 
The signal in the IR spectrum (at 1687 cm!) is consistent 
with a conjugated carbonyl group. 


19.88. The molecular formula (Ci3Hi0O) indicates nine 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of two aromatic rings, in addition to 
either one double bond or one ring. The BC NMR 
spectrum exhibits only five signals, which must account 
for all thirteen carbon atoms in the compound. 
Therefore, many of the carbon atoms are identical, as a 
result of symmetry. There are four signals between 100 
and 150 ppm, suggesting a monosubstituted aromatic 
ring. To account for so many degrees of unsaturation, as 
well as the symmetry that must be present, we propose 
two monosubstituted aromatic rings, rather than just one: 


If we inspect these two fragments, we will find that they 
account for nearly all of the atoms in the molecular 
formula (Ci3Hi00). We only need to account for one 
more carbon atom and one oxygen atom. And let's not 
forget that our structure still needs one more degree of 
unsaturation, suggesting a carbonyl group: 


The signal near 200 ppm in the ^C NMR spectrum 
corresponds with the carbon atom of the carbonyl group. 
There is only one way to connect these three fragments, 
as shown: 

(0) 


The carbonyl group in this compound (benzophenone) is 
conjugated to each of the rings, which explains why it 


produces a signal at a relatively low wavenumber (1660 
cmr!) for a carbonyl group of a ketone. 


19.89. The molecular formula (CoHisO) indicates one 
degree of unsaturation (see Section 14.16). The problem 
statement indicates that the compound is a ketone, which 
accounts for the one degree of unsaturation: 


With only one signal in the 'H NMR spectrum, the 
structure must have a high degree of symmetry, such that 
all eighteen protons are equivalent. This can be achieved 
with two tert-butyl groups: 


This compound is a ketone with a parent chain of five 
carbon atoms. The carbonyl group is located at C3, and 
there are four methyl groups (two at C2 and two at C4): 


i9] 


NN 
2,2,4,4-Tetramethyl-3-pentanone 


19.90. 

(a) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-c) follows. 


NH a O " OH 
. d 
we Big. ^ 
f 


a. The desired product is an imine, which can be made 
from the corresponding ketone. 

b. The ketone can be made via oxidation of the 
corresponding secondary alcohol. 

c. The secondary alcohol can be made via a Grignard 
reaction from compounds containing no more than 
two carbon atoms. 


Now let’s draw the forward scheme. Ethyl bromide is 
converted into ethyl magnesium bromide (a Grignard 
reagent), which is then treated with acetaldehyde (to give 
a Grignard reaction), followed by aqueous acidic 
workup, to give 2-butanol. Oxidation gives 2-butanone, 
which can then be converted into the desired imine upon 


treatment with ammonia in acid-catalyzed conditions 
(with removal of water): 


1) Mg 
2 O0 
A, x. 
Br. ^ z 
3) H40* 
4) Na5Cr;0; 
M H2804, H0 [H2504] 
g 
5) [H2504] NH3 
NH3, - H2O - H20 
ad i 
p VAS 
z SO, HO 
p A C 


(b) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-e) follows. 


SN a o 


A 


M go ee nd 


CH3MgBr 


a. The desired product is an enamine, which can be 
made from the corresponding ketone (3-pentanone). 

b. The ketone can be made via oxidation of the 
corresponding secondary alcohol (3-pentanol). 

c. The secondary alcohol can be made via a Grignard 
reaction between ethyl magnesium bromide and an 
aldehyde (propanal). 

d. Propanal can be made via oxidation of the 
corresponding alcohol (1-propanol). 

e. l-Propanol can be made by treating ethylene oxide 
with methyl magnesium bromide. 


Now let's draw the forward scheme. Ethylene oxide is 
treated with methyl magnesium bromide, followed by 
aqueous acidic workup to give 1-propanol. This alcohol 
is then oxidized to an aldehyde with PCC (or DMP or 
Swern conditions) and the resulting aldehyde is then 
treated with ethyl magnesium bromide, followed by 
aqueous acidic workup, to give 3-pentanol. Oxidation 
with chromic acid gives 3-pentanone, which is then 
converted to the corresponding enamine upon treatment 
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with dimethylamine and acid catalysis (with removal of 
water): 


1) MeMgBr 
o 2) HO* TNT 
LA 3) PCC, CHCI; ee 
4) EtMgBr 
+ 
? MeMgBr 9) 430 [H2SO4] 
2) HO* 6) Na5Cr20; (CH4)NH 
HjSO,, HO qe 
7) [H2804] 
(CH3)2NH oO 
-H20 E. 
PCC NasCro07 
CHCl, H5SO4 
HO 
OH 
Wl DUO TE 
H 2) HO* 


(c) The product is a cyclic acetal, which can be made 
from the corresponding ketone: 


(0) / \ 
p R 
This ketone can be prepared in a variety of ways, so 
there are certainly many acceptable solutions to this 
problem. One such solution derives from the following 


retrosynthetic analysis. An explanation of each of the 
steps (a-e) follows. 


i9] OH 


MgBr 
BrMg. ~ ll: 
: ee an e acd 
OH Br 


a. The ketone can be made via oxidation of the 
corresponding secondary alcohol (2-hexanol). 

b. 2-Hexanol can be made via a Grignard reaction 
between acetaldehyde and n-butyl magnesium 
bromide. 

c. n-Butyl magnesium bromide can be made from 1- 
bromobutane. 

d. 1-Bromobutane can be made from 1-butanol via a 
substitution process. 

e. 1-Butanol can be made by treating ethylene oxide 
with ethyl magnesium bromide. 
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Now let’s draw the forward scheme. Bromoethane is 
converted into a Grignard reagent and then treated with 
ethylene oxide, followed by aqueous acidic workup to 
give 1-butanol. This alcohol is then converted to the 
corresponding alkyl bromide upon treatment with PBrs. 
The alkyl bromide is then converted into a Grignard 
reagent (via insertion of Mg), and then treated with 
acetaldehyde, followed by aqueous acidic workup to give 
2-hexanol. Oxidation with chromic acid gives 2- 
hexanone, which is then converted to the corresponding 
acetal upon treatment with ethylene glycol and acid 
catalysis (with removal of water): 


1) Mg 
2) 0 
Z-N 
3) HO* 
Br 
5) Mg 
| Mg 6) O 
2 / N 
BrMg 4 7) HO* HO OH 
8) Na;Cr;07 [H2504] 
1) ZN H5S0,4, H20 - H5O 
9) FN 
* | HO OH " 
2) HÒ 
[H2501] P, 
- H20 
les i 
OH Na;Cr;0; 
H5S04 
Ó 
PBr3 1) Mg He 
[6] 
2) pu OH 
H 


Br 3) HO* 


(d) The product is a cyclic acetal, which can be made 
from the corresponding ketone: 


fe) l \ 
RNA SS a 
pu ae 
This ketone can be prepared in a variety of ways, so 
there are certainly many acceptable solutions to this 
problem. One such solution derives from the following 


retrosynthetic analysis. An explanation of each of the 
steps (a-d) follows. 


a. The ketone can be made via oxidation of the 
corresponding secondary alcohol (3-hexanol). 

b. 3-Hexanol can be made via a Grignard reaction 
between butanal and ethyl magnesium bromide. 

c. Butanal can be via oxidation of 1-butanol. 

d. l-Butanol can be made by treating ethylene oxide 
with ethyl magnesium bromide. 


Now let's draw the forward scheme. Bromoethane is 
converted into a Grignard reagent and then treated with 
ethylene oxide, followed by aqueous acidic workup to 
give 1-butanol. This alcohol is then oxidized with PCC 
(or DMP or Swern) to give butanal, which is then treated 
with ethyl magnesium bromide (followed by aqueous 
acidic workup) to give 3-hexanol. Oxidation with 
chromic acid gives 3-hexanone, which is then converted 
to the corresponding acetal upon treatment with ethylene 
glycol and acid catalysis (with removal of water): 


1) Mg 
2) © FA 
LN Oo. 0 
um * E Wu 
3) H30 
4) PCC, CH;Cl, 
6) H30* HO OH 
7) Na;Cr207 HSO 
“™~ MgBr H2504, HzO [H2804] 
8) - H20 
1) A HO OH 
[H2904] o 
2) H30* 


Hae aule 
OH 


Na;Cr5O; 
H5S04 
| PCC, CH3Cly H20 
fe) OH 
Ps D C NaBH ^ Mgr pauses 
H  2)H3O* 


(e) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-e) follows. 


O 
VN 


i ET "E Ld 


CHsMgBr 


a. The desired product is an oxime, which can be 
made from the corresponding ketone (3-pentanone). 

b. The ketone can be made via oxidation of the 
corresponding secondary alcohol (3-pentanol). 

c. The secondary alcohol can be made via a Grignard 
reaction between ethyl magnesium bromide and an 
aldehyde (propanal). 

d. Propanal can be made via oxidation of the 
corresponding alcohol (1-propanol). 

e. 1-Propanol can be made by treating ethylene oxide 
with methyl magnesium bromide. 


Now let’s draw the forward scheme. Ethylene oxide is 
treated with methyl magnesium bromide, followed by 
aqueous acidic workup to give 1-propanol. This alcohol 
is then oxidized to an aldehyde with PCC (or DMP or 
Swern conditions), and the resulting aldehyde is then 
treated with ethyl magnesium bromide, followed by 
aqueous acidic workup, to give 3-pentanol. Oxidation 
with chromic acid gives 3-pentanone, which is then 
converted to the corresponding oxime upon treatment 
with hydroxylamine and acid catalysis (with removal of 
water): 


1) MeMgBr ho 
2) H30* ^N 
[e| 3) PCC, CH;Cl; ee ee 
LN 4) EtMgBr 
5) HO* Èa 
6) NasCr207 
MeMgB 
b Hs ; H2504, H20 HO —NH5 
B 7)H] - H20 
HO—NH> 
a E lex 
PCC Na;Cr20; 
CH35Cb H2504, H2O 
re) OH 
Secs 1) EtMgBr uM 
— L 
H 2) HO* 


(f) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-e) follows. 
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a. The desired product is an alkene, which can be 
made from a ketone (3-pentanone) via a Wittig 
reaction. 

b. The ketone can be made via oxidation of the 
corresponding secondary alcohol (3-pentanol). 

c. The secondary alcohol can be made via a Grignard 
reaction between ethyl magnesium bromide and an 
aldehyde (propanal). 

d. Propanal can be made via oxidation of the 
corresponding alcohol (1-propanol). 

e. l-Propanol can be made by treating ethylene oxide 
with methyl magnesium bromide. 


Now let's draw the forward scheme. Ethylene oxide is 
treated with methyl magnesium bromide, followed by 
aqueous acidic workup to give 1-propanol. This alcohol 
is then oxidized to an aldehyde with PCC (or DMP or 
Swern conditions), and the resulting aldehyde is then 
treated with ethyl magnesium bromide, followed by 
aqueous acidic workup, to give 3-pentanol. Oxidation 
with chromic acid gives 3-pentanone, which is then 
converted to the product upon treatment with the 
appropriate Wittig reagent, thereby installing two carbon 
atoms and a double bond in the correct location: 


1) MeMgBr 
Q 2) H40* 
LN = 
3) PCC, CH5Cl; 
4) EtMgBr 
1)MeMgBr 5) H,0* i 
2) H30* 6) Na;Cr507 FhsP=CHGH; 
H2504, H20 o 
PCC NasCr;07 
CH5Cl; H5SO4, H20 
i9) OH 
E 1) EtMgBr 
H 2) H30* 


(g) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-d) follows. 
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a. The product can be made from a cyanohydrin, via 
hydrolysis of the cyano group. 

b. The cyanohydrin can be made from the 
corresponding ketone (2-butanone). 

c. 2-Butanone can be made via oxidation of the 
corresponding secondary alcohol (2-butanol). 

d. 2-Butanol can be made via a Grignard reaction 
between acetaldehyde and ethyl magnesium 
bromide. 


Now let’s draw the forward scheme. Ethyl bromide is 
converted into ethyl magnesium bromide, which is then 
treated with acetaldehyde (to give a Grignard reaction), 
followed by aqueous acidic workup, to give 2-butanol. 
Oxidation of 2-butanol with chromic acid gives 2- 
butanone, which can then be converted into a 
cyanohydrin upon treatment with KCN and HCl. And 
finally, hydrolysis of the cyano group gives the desired 
product: 

1) Mg 

2) © 


a 


3) H30" 

4) Na;Cr20; fe) 
H»SO4, H2O 

5) KCN, HCI | H4O* 

6) H30*, heat heat 


Bro 


Mg 


OH Na;Cr;0; 


— ae 
Po H5S04, H20 


(h) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 


retrosynthetic analysis. An explanation of each of the 
steps (a-d) follows. 


WN => nu 
DES 
e 


O 4; OH I 
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a. The product can be made from a cyanohydrin, via 
reduction of the cyano group. 

b. The cyanohydrin can be made from the 
corresponding ketone (2-butanone). 

c. 2-Butanone can be made via oxidation of the 
corresponding secondary alcohol (2-butanol). 

d. 2-Butanol can be made via a Grignard reaction 
between acetaldehyde and ethyl magnesium 
bromide. 


Now let’s draw the forward scheme. Ethyl bromide is 
converted into ethyl magnesium bromide, which is then 
treated with acetaldehyde (to give a Grignard reaction), 
followed by aqueous acidic workup, to give 2-butanol. 
Oxidation of 2-butanol with chromic acid gives 2- 
butanone, which can then be converted into a 
cyanohydrin upon treatment with KCN and HCl. And 
finally, reduction of the cyano group gives the desired 
product: 


1) Mg 
2) pi 
OH 
Br H 
ad 3) HO HIN 
4) Na;Cr507 
Mg H2504 , H20 4) LIAIH4 
5) KCN, HCl 2) H20 
BrMg A - ae 
2 


is 
o 
AS. NC 


2) H,0* | KCN, HCl 
[0] 
ran Na;Cr207 P 
H5SO4, H50 
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19.91. 

(a) In acid-catalyzed conditions, the starting material is protonated. There are two locations where protonation can 
occur (the lone pair of the nitrogen atom, or a lone pair of the oxygen atom). The nitrogen atom is more likely 
protonated first, because it is a stronger base (a protonated amine, called an ammonium ion, is a much weaker acid than 
a protonated ether, called an oxonium ion, as seen in the pK; table on the inside cover of the textbook). Loss of a 
leaving group (dimethyl amine) gives a resonance-stabilized cation, which is then attacked by water. The resulting 
oxonium ion is then deprotonated to give a cyclic hemiacetal. Protonation, followed by loss of a leaving group gives a 
protonated carbonyl group, which then loses a proton to give the product. Notice that water functions as the base in 
each deprotonation step. 


H 
| lo | H @ bas | 
vo Sok - JOL © 
Y^ H^ ^H e - (CH3)oNH E H H CI 
pod 
H/H 
i i 
LH | E 
S5 96. OH 0 Y XO: Lon 
p Nd r VIN ub 
HO H 
T 
ANI 
H3C CH3 
O H H 


Poe Wd 5 N 
-NS 
HO H HC © CH3 


(b) The starting material is a vinyl ether, and it is being subjected to aqueous acidic conditions. This indicates that 
protonation is likely the first step of the mechanism. There are two locations to consider for protonation: the oxygen 
atom or the x bond. Protonation of the oxygen atom does not result in a resonance-stabilized cation, while protonation 
of the x bond does indeed result in a resonance-stabilized cation. As such, the first step is protonation of the x bond. 
The resulting intermediate is then attacked by water to give an oxonium ion, which is then deprotonated to give a 
hemiacetal. Protonation, followed by loss of a leaving group gives a protonated carbonyl group, which then loses a 
proton to give the product. Notice that water functions as the base in each deprotonation step. 


i m H fy HT CONG. 
ZOS ` 

(C uA a H 9 H^ ^H 
ue P x 5 
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(c) Hydrazine is sufficiently nucleophilic to attack a carbonyl group directly (without prior activation of the carbonyl 
group via protonation). The resulting intermediate undergoes two successive proton transfer steps, giving an 
intermediate that is free of formal charges. Protonation of the OH group converts a bad leaving group into a good one 
(water). Loss of the leaving group gives a resonance-stabilized cation, which then loses a proton to give a hydrazone. 
An intramolecular nucleophilic attack gives an intermediate that undergoes two proton transfer steps to give an 
intermediate free of formal charges. Protonation of the OH group converts a bad leaving group into a good one (water). 
Loss of the leaving group gives a resonance-stabilized cation, which then loses a proton to give the product, which is 
aromatic. 


(d) The starting material exhibits a carbon atom that is connected to two oxygen atoms, so this compound is an acetal: 


ayo 


(0) 
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Protonation of the acetal (specifically at the oxygen atom in the bottom right comer of the structure) results in an 
oxonium ion that can lose a leaving group to give a resonance-stabilized cation. This intermediate has two OH groups. 
If the more distant OH group attacks the C=O bond, the resulting oxonium ion can lose a proton to give the product. 
Notice that the base for the deprotonation step is water, which was liberated in the first step. 


Bw Sys — Bre 


(e) The starting material exhibits a carbon atom that is connected to two oxygen atoms, so this compound is an acetal. 
Protonation of the acetal (specifically at the oxygen atom on the left) results in an oxonium ion that can lose a leaving 
group to give a resonance-stabilized cation. This intermediate has two OH groups. If the one on the right side attacks 
the C=O bond, the resulting oxonium ion can lose a proton to give the product. Notice that the base for the 
deprotonation step is water. 


cö d 
HD | 
aO = TON 
OH OH HO OH 


OH HO HO 


(f) The starting material is a vinyl ether, and it is being subjected to acidic conditions. This indicates that protonation is 
likely the first step of the mechanism. There are two locations to consider for protonation: the oxygen atom or the x 
bond. Protonation of the oxygen atom does not result in a resonance-stabilized cation, while protonation of the x 
bond does indeed result in a resonance-stabilized cation. As such, the first step is protonation of the t bond. The likely 
proton source is the conjugate acid of ethylene glycol, which received its proton from tosic acid (TsOH). Protonation 
results in a resonance-stabilized cation, which is then attacked by ethylene glycol to give an oxonium ion, followed by 
deprotonation to give a hemiacetal. Protonation of the methoxy group, followed by loss of a leaving group (methanol) 
gives a protonated carbonyl group, which then functions as an electrophile in an intramolecular nucleophilic attack. 
Deprotonation then gives the product. 
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Notice that ethylene glycol functions as the base in each deprotonation step. 
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19.92. In aqueous acidic conditions, the carbonyl group of formaldehyde is protonated, thereby rendering it more 
electrophilic. Another molecule of formaldehyde (that has not been protonated) can function as a nucleophile and 
attack the protonated carbonyl group. The resulting resonance-stabilized cation functions as an electrophile and is 
attacked by another molecule of formaldehyde, giving yet another resonance-stabilized cation. An intramolecular 


attack gives an oxonium ion, which is then deprotonated to give the product. 


H 
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metaformaldehyde 
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19.93. The ketone group (the more reactive carbonyl) must first be protected by converting it into an acetal. Then, the 
ester can be reduced with excess LiAIHA to give an alcohol (if the ketone had not been protected, it would have also 
been reduced by LiAIH4). Mild oxidation of the alcohol with PCC (or DMP or Swern conditions) gives an aldehyde, 
which is then converted to the corresponding thioacetal. 


o O0 T dpa DE O 6. o 
Js PRR ALOR p PO. 
Eto [H*] Eto 
- HO 
4) xs LiAIH4 
2) H20 


19.94. 
(a) Compound 1 is a ketone, while compound 2 is an ester. This transformation from 1 to 2 can be achieved with a 


peroxy acid (RCO3H). Then, compound 2 can be converted into diol 3 upon treatment with excess lithium aluminum 
hydride. Finally, after the conversion of diol 3 to tosylate 4, compound 5 can be obtained if compound 4 is treated with 
a strong base, such as NaH. Under these conditions, the hydroxyl group is deprotonated to give an alkoxide ion, which 
functions as a nucleophilic center in an intramolecular SN2-type process, giving an ether (compound 5): 


uo, OH o 
“RCOsH - 1) xs LAI, _TsCl_ NaH 
2H -. 


4 5 


(b) Compound 1 has rotational symmetry, which compound 5 lacks. Therefore, compound 1 has fewer signals in its 
NMR spectrum. 


Rotational symmetry No rotational symmetry 
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19.95. First, two curved arrows are used to show delivery of hydride to the ester. In the next step, two curved arrows 
show collapse of the charged tetrahedral intermediate and ejection of the leaving group, which in this case is ethoxide. 
The resulting aldehyde is then further reduced by another equivalent of hydride from LiAlHs. Once again, two curved 
arrows are used to show hydride delivery. Finally, the resulting alkoxide ion is protonated upon treatment with 
aqueous acid, and two curved arrows are needed to show this proton transfer step. Therefore, the net reaction is the 
reduction of the ester functional group to generate an alcohol. 


co 
CH3OH 
OEt — 4j Excess LiAIH4 
oO oS 0 
C 2) HO « 
[e H [e 4 


19.96. The carbon chain must be extended by adding a single additional carbon atom, and we are given a clue that a 
Wittig reaction is involved, so we know there is an alkene intermediate at some point. Using a retrosynthetic analysis, 
the target molecule (compound 2) can be made from an alkene, via an anti-Markovnikov addition of H and OH: 


RO OH RO 
BS 
=> 
2 
OR OR 


This alkene can be made from an aldehyde via a Wittig reaction: 


This carbon 
was the Electrophile 


P (C=O) 


RO RO © 
EN SA 
N => Wolke deu Lm 
®© Ph 
This carbon was Ph 
OR the Nucleophile (Wittig) OR a Wittig reagent 


And the aldehyde can be made from the corresponding alcohol (compound 1) via oxidation: 


RO RO 
No OH 
=>> 
1 
OR OR 
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Now that we have completed the retrosynthetic planning, we can draw the forward process, as shown below. PCC 
oxidation of the primary alcohol gives an aldehyde, and reaction with a Wittig reagent affords the alkene. 
Hydroboration-oxidation adds H and OH in an anti-Markovnikov fashion, giving the desired alcohol. 


RO 1) PCC, RO OH 
OH | CH;Cb 
———— M— —ÉÀ- 
2) PhsP=CH> 
3) BH: THF 
ÓR 4) H505, NaOH OR 
PCC 1) BHs: THF 
CH2Clz 2) H202, NaOH 


19.97. As with all synthesis problems, we must determine 1) if there is a change in the carbon skeleton, and 2) if there 
is a change in identity or location of the functional group(s). Numbering the carbon atoms from left to right, we see 
that two carbon atoms are being introduced during this transformation. We also see that the alcohol functional group 
(OH) is in the same location in both the starting material and the product. 


OPMB OPMB OH 


| 
1 


Importantly, a new C-C bond must be formed at the same location as the OH group (carbon 5 in our labeling scheme 
above, also the highlighted carbon below). This suggests a synthetic route involving a Grignard reagent attacking a 
C-O bond. That is, the product can be made from the following aldehyde, as shown in the following retrosynthetic 
scheme: 

OPMB OH OPMB (0) 


uos EC US : LA, x BMg. 77 


The starting material does not have the aldehyde group needed to react with a Grignard reagent. However, the required 
aldehyde can be made via oxidation of the primary alcohol, as shown in the following retrosynthetic scheme: 


OPMB (0) OPMB 


UAA, = LA Ba 


Now let’s draw the forward process. There are many reagents that can be used to convert a primary alcohol into an 
aldehyde; one such reagent is PCC. The resulting aldehyde can then be treated with vinyl magnesium bromide 
(CH2=CHMgBr), followed by workup with aqueous acid, to produce the desired product: 


OPMB OPMB OH 


OH 


2) Z ~MigBr 


3) H30* 
PCC 1) Z Mgr 
CH5CLb oO 
Pe cee V 
PMBO H 


862 CHAPTER 19 


19.98. In all three reaction sequences, the first two steps involve the addition of a Grignard reagent to the ketone, 
followed by alcohol dehydration using concentrated sulfuric acid and heat. The products of each of these operations are 
shown below: 

Sequence A Sequence B Sequence C 


" i D 
ie] 


In sequence A, the final step is acetal deprotection using acetic acid and water, which will produce the desired product, 
aldehyde 2. Under these conditions no undesired side reactions are expected to occur. In sequence B, ozonolysis of the 
terminal alkene will certainly produce an aldehyde, however, the molecule also contains two additional alkenes within 
the 8-membered ring. Since ozone is a non-selective oxidant, if this compound were subjected to O3/DMS, all three 
alkene groups would react! Therefore, the major product of the reaction will not be aldehyde 2, but a compound with 
three different carbonyl groups (as well as two other fragments). In sequence C, hydroboration/oxidation will convert 
the terminal alkene to a primary alcohol, which will then be transformed into the desired product via oxidation with 
PCC. However, just like we saw in sequence B, the other two x bonds will react under the hydroboration/oxidation 
conditions; the product isolated will not be aldehyde 2. In conclusion, after a thorough analysis, only sequence A will 
lead to the desired product. 


19.99. The product of the Wittig reaction is alkene 2. The mechanism for acid-catalyzed hydration of this alkene 
begins with protonation of the x bond to generate 3, a resonance-stabilized intermediate. Note that this intermediate is 
similar to the type of intermediate that we encountered during acetal formation/cleavage. Water then attacks to generate 
a charged tetrahedral intermediate (4) which can be deprotonated to form hemiacetal 5. Protonation, followed by 
regeneration of the carbonyl group via loss of methanol, will produce protonated aldehyde 7, which is deprotonated in 
the final step to afford aldehyde 8. 


H Me... Me ©, 
/ x B 
jn WAGES i e? 
O Meo 4 e 
2 3 3a 
zo: 
H^ ^H 
LH H Z wd H 
Pd ho or d 
a Yh he "T 96 
oO Me H „Me 204 
G9: Xen H H OMe 
H 
6 5 4 
BIN 
| " 
IS 
H^ ^H H 
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19.100. In the first step, the acid chloride reacts with AlCl; to form a resonance-stabilized acylium ion (4). In the 
absence of an aromatic ring, the C=C a bond will function as a nucleophile and trap the acylium ion to produce a 
carbocation (5). This carbocation is transformed into compound 1 if AlCl4 transfers a chloride ion to the carbocation 
(path A). Alternatively, carbocation 5 is transformed into compound 2 via a 1,2-hydride shift to form tertiary 


carbocation 6 (path B), followed by deprotonation. 


Mn, 
O PALLID 
© 


19.101. 
(a) We begin by determining the HDI for compound B, 
as shown here: 
HDI 2 ^ (2C+2+N-H-X) 
= (2° +2+0-14-0) 
=% (4) 
=2 


Therefore, compound B has two degrees of unsaturation. 
Now let’s consider the IR data. Only two peaks are 
given, but they are important bands: a broad band around 
3300 cm”! is typical for an alcohol group, and 2117 cm"! 
is diagnostic for a triple bond — either an alkyne (C=C) 
or a nitrile (C=N). Since nitrogen is absent from the 
molecular formula, the band at 2117 cm! must 
correspond with a C=C triple bond. This accounts for 
both degrees of unsaturation. 

At this stage, we consider the 'H NMR data. Also, take 
into consideration the structure of the starting material; 
we know that the product should have at least some 
degree of similarity. The 'H NMR data shows six types 
of protons; the easiest to assign is the broad singlet at 
1.49 ppm which is likely a proton of an alcohol; the 
presence of an alcohol functional group is further 
confirmed by the IR absorption at 3305 cnr. 

To assign the remaining signals, let's look at the starting 
material and consider what its 'H NMR must look like. 


A 


Loic 


shift 


aa 


CI— AIC, 


Ale Ai 
el 


singlet, ~ 0.9 ppm 
ET fac 


H2C 
O 
i 4 
H T 

H H 


triplet, ~ 1.2 ppm | 
triplet, ~ 2.0 ppm 


The starting material has no chiral centers, and only four 
unique types of protons. The two methyl groups will 
appear as a singlet near 0.9 ppm, the allylic methylene 
group is expected to appear as a triplet near 2.0 ppm, the 
methylene next to the gem-dimethyl group is expected to 
be a triplet near 1.2 ppm, and finally, the vinyl proton 
should be a singlet in the range 4.5-6.5 ppm. 


singlet, ^ 4.5-6.5 ppm 
o J 


H 


Now let’s take another look at the 'H NMR data for 
compound B. 


0.89 ppm (6H, singlet) 


1.56 ppm (2H, triplet) 
1.95 ppm (1H, singlet) 
2.19 ppm (2H, triplet) 
3.35 ppm (2H, singlet) 
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We’ve already assigned the 1.49 ppm broad singlet as an 
OH proton, so we can cross it off. We can also make the 
assumption that the 0.89 ppm singlet that integrates for 6 
protons must be the gem-dimethyl group, and the two 
triplets at 1.56 ppm and 2.19 ppm are the two methylene 
groups from the starting material. Let’s cross them out as 
well. 


1.95 ppm (1H, singlet) 
3.35 ppm (2H, singlet) 


The vinyl proton of the starting material (4.5 — 6.5 ppm) 
is absent in compound B. In its place, there are two 
signals: a singlet at 3.35 ppm, which (because of 
chemical shift and integration) is likely a methylene 
group alpha to an OH group, and the singlet at 1.95 
which integrates to one proton. 


Let’s take a look at the starting material again: 


It seems that the left half is represented in compound B, 
however the right half has changed dramatically. From 
the molecular formula we know that there is no longer 
any sulfur in the molecule, so the triflate group must be 
gone. We also know that Compound B must exhibit an 
OH group and a C=C triple bond (from the IR spectral 
data). If we were to take an eraser and eliminate the 
triflate, form an alkyne where the alkene once was, and 
reduce the ketone to an alcohol we would arrive at this 


structure: 
p singlet, 1.49 ppm 
H 
o^ we g pp 


9 LH ——>| singlet, 1.95 ppm 


Za 


Does this structure fit the data left over for compound B? 
The methylene group alpha to the OH group should be a 
singlet with an integration of 2. The chemical shift of 
3.35 ppm is also in the acceptable range for a proton next 
to oxygen. And the proton of the alkyne should also be a 
singlet, with an integration of 1. The chemical shift is 
slightly less than what the table in Chapter 15 shows 
(~2.5 ppm), but it is certainly within a margin of error. 
The molecular formula also matches. 


(b) In the first step, LiAIHa delivers hydride to the carbonyl group to form the alkoxide intermediate 2. Next, the 
carbonyl group is regenerated which induces carbon-carbon bond cleavage to simultaneously generate the alkyne via 
the expulsion of the triflate leaving group, producing aldehyde 3. In the presence of LiAIH4, another hydride ion can 
be delivered, to attack the aldehyde. This forms alkoxide intermediate 4, which is protonated upon aqueous acidic 


workup to form compound B. 


Hl n 
eo LE Sö: H co ^C MESH 
2H. nm. ui T ees 
Z 
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Chapter 20 
Carboxylic Acids and Their Derivatives 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of Chapter 20. Each 
of the sentences below appears verbatim in the section entitled Review of Concepts and Vocabulary. 


e Treatment of a carboxylic acid with a strong base yields a salt. 

e The pKa of most carboxylic acids is between and 

e Using the Henderson-Hasselbalch equation, it c: it can be shown that carboxylic acids exist primarily as 

at physiological pH. 

e  Electron- substituents can increase the acidity of a carboxylic acid. 

e When treated with aqueous acid, a nitrile will undergo , yielding a carboxylic acid. 

e Carboxylic acids are reduced to upon treatment with lithium aluminum hydride or borane. 

e Carboxylic acid derivatives exhibit the same state as carboxylic acids. 

e Carboxylic acid derivatives differ in reactivity, with being the most reactive and 

the least reactive. 

e When drawing a mechanism, avoid formation of a strong in acidic conditions, and avoid 
formation of a strong in basic conditions. 

e When a nucleophile attacks a carbonyl group to form a tetrahedral intermediate, always reform the carbonyl 
group if possible, but avoid expelling — — or 


e When treated with an alcohol, acid chlorides are converted into 
e When treated with ammonia, acid chlorides are converted into 


e When treated with a reagent, acid chlorides are converted into alcohols with the introduction 
of two alkyl groups. 
e The reactions of anhydrides are the same as the reactions of except for the identity of the 


leaving group. 
e When treated with a strong base followed by an alkyl halide, carboxylic acids are converted into 


e Ina process called the Fischer esterification, paces acids are converted into esters when treated with an 
in the presence of 

e Esters can be hydrolyzed to yield carboxylic acids upon treatment with either aqueous base or aqueous 
. Hydrolysis under basic conditions is also called ; 

e When treated with lithium aluminum hydride, esters are reduced to yield . If the desired 


product is an aldehyde, then is used as a reducing agent instead of LiA1H4. 
e When treated with a reagent, esters are reduced to yield alcohols, with the introduction of two 
alkyl groups. 


e When treated with excess LiAlHa, amides are converted into 
e  Nitriles are converted to amines when treated with 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 20. The answers appear in the section entitled SkillBuilder Review. 


20.1 Drawing the Mechanism of a Nucleophilic Acyl Substitution Reaction 


Identify the two core steps of any nucleophilic acyl substitution reaction: 


/ i 


Proton Proton Proton 
Transfer Transfer Transfer 
In acidic conditions, In acidic conditions, the Required in order to 
the group is obtain a 


is first protonated. protonated before it product. 


866 CHAPTER 20 


20.2 Interconverting Functional Groups 


Identify reagents that can be used to achieve each of the following transformations: 


O 
— pu <I 
H 
————- 
E NH, 
20.3 Choosing the Most Efficient C-C Bond-Forming Reaction 
C-C Bond Forming Reactions for which C-C Bond Forming Reactions Involving 
the Functional Group Remains in the Same Location a Change in the Location of the Functional Group 
pi 1) xs RMgBr NaCN 
Tr 
Z 2) H30* 
H30* 
-n Br 3 
E R;CuLi heat 
—————— 
c NC is 
2) CO; 
3) H30* 
1) RMgBr 
—Cc=N ——————» 
2) H30* 
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Review of Reactions 

Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 20. The answers appear in the section 
entitled Review of Reactions. 


Preparation of Carboxylic acids Reactions of Carboxylic Acids 


ROBE m edi O H H 
O ° m jS 
BeBr o ———— > E 

RS OH 


p NE A 


H 


Preparation and Reactions Preparation and Reactions 
of Acid Chlorides of Acid Anhydrides 
[e 


o 
L o o o 
| A. p pu 
OR NH3 N 


OH [o] OH o 
2 ATR gi Ar Ar A 
R H 
Preparation of Esters Reactions of Esters 
O O $ 
O O 
AL. ELS A. CH o o m + ROH 
R^ "oH Re o^ E NT 
(0) (0) 
JL — > + H0 
R OH R OMe Y 
[9] Ò @) OH Ò OH 
a 


868 CHAPTER 20 


Preparation of Amides 


Reactions of Amides 


O 
O 
eye ^E R^ ~OH 
R^ ~cl R^ ^NH; S A 
= RO NH 
Preparation of Nitriles Reactions of Nitriles 
RO ee) oe RA N Ik 
N R-C=N 
SN * R^ "oH 
$ Mw. ———— 49% 
JL —————»- R-CZN 
R^ `Nh? Jk 
R—CZN » R R 
H H 
R-C=N | — ————- E 


Review of Mechanisms 


Complete each of the following mechanisms by drawing the missing curved arrows. To verify that your 
curved arrows are drawn correctly, compare them to the curved arrows in the mechanism boxes for 


Mechanism 20.1 Hydrohalogenation 


Mechanisms 20.1 — 20.15, which can be found throughout Chapter 20 of your text. 
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Mechanism 20.2 Preparation of Acid Chlorides via Thionyl Chloride 


Oo 
S © O ide 
os n Ag —— A © — pa + HCI 


SO, + ci? 


Mechanism 20.3 Hydrolysis of an Acid Chloride 


Mechanism 20.4 Reduction of an Acid Chloride with LiAIH4 


Mechanism 20.5 The Reaction Between an Acid Chloride with a Grignard Reagent 
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Mechanism 20.6 The Fischer Esterification Process 
et 
H—O: (©) oe oe 
O Me :0/ Me—0-—H :OH = Me—O-H OH 
ae ss Rf ön R-n 
Me” S`H Me? o 
M £ H—O: 
AU Me 
z H :ÖH 
oO Me—O-H ~€ -H20 H 
À. ME. 
O: 
R OMe R OMe Me~™ H 


H 
e ee 
ee © H :OH OH 
o H O H—O—H „H H-O-H 
R TOO R OH 
R^ ~OMe R^ ~OMe OQ: | O: 
Me^ ~ H Me^ 
" 
o 
H :OH 
fe) H—0O—H D- — MeOH 
dh rou 
R OH R OH :O 
Mec ©`H 


Mechanism 20.9 Reduction of an Ester with LiAIH4 
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Mechanism 20.10 The Reaction Between an Ester and a Grignard Reagent 
H 
Tes oe "E 59 E ou 
pu T El - MeO p T EN H'/O"H E 
———— e — r 
OMe OMe R R R 
R R R 
Mechanism 20.11 Acid-Catalyzed Hydrolysis of an Amide 
9, : 
H—0; © LH TR aa 
O H O H—O—H JH H-O-H 
ie R|=9@ R- [9H 
R NH; R NH; ute H He 
H H 
j 
oe 
H^ ^H 
H 
o NH3 q^" - NH3 " 
A Ji p 
R^ ^OH R^ `OH NH3 
= © 


<O O O 
(0) Cl. 0: 

d SEC 5 5 

AT Ne P dia UM 

(0) cg o CI Lc fe} CI TA fe) Cl 

i — Y ————— 

2 JH he JH pe l 
R NH2 R No R No R N: 
H H H 

:Base 

R-C=N + SO, + ci? 
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Mechanism 20.14 Acid-Catalyzed Hydrolysis of Nitriles 
H 
/ 
H7O: oe Hy E oe Hy 
oy H-O-H n H—Ó—H N 
R—CZN = R-C=N-H = JH JL. 
R^ gO R OH 
A 
H 
H 
ES 
fox] 
sanat H—O—H RH OMM 
<=, 
Je dem qr 
R^ ^0: R^ UO R^ `OH 
H 
Mechanism 20.15 Base-Catalyzed Hydrolysis of Nitriles 
T ©. 2 re: E foul ©.. H 
ET “N° H—O-—H JL ECT IL :N 
R—CZN {TT = <> 
ZH -H . 
ae R `o, Re oS? — 
H—O—H 
H..., H 
N 
Sg 


Common Mistake to Avoid 


This chapter covers many reactions. One of these reactions is between an acid chloride and a lithium 
dialkylcuprate, giving a ketone as the product: 


(0) 


; A... R;CuLi Y 


The resulting ketone is not further attacked by the lithium dialkylcuprate (unlike a Grignard reagent, which 
would attack the ketone). For some reason, students commonly propose a similar reaction between an ester 
and a lithium dialkylcuprate: 

R;CuLi 


var >e A, 


This reaction will not work. If a lithium dialkylcuprate will not attack a ketone, then it certainly won't 
attack an ester (which is less electrophilic than a ketone). Students often make this type of mistake, by 
applying a reaction outside of the scope in which it was discussed. Try to avoid doing this. Whenever we 
cover a reaction that applies to a particular functional group, you cannot assume that it will apply to other, 
less reactive, functional groups as well. 
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Useful reagents 


The following is a list of reagents encountered in this chapter: 


Reagents Description 
This reagent will react with an alkyl halide to give a nitrile. Subsequent hydrolysis 
NaCN of the nitrile gives a carboxylic acid, with one more carbon atom than the starting 
alkyl halide. 
1) Mg These reagents can be used to convert an alkyl halide into a carboxylic acid, with the 
2) CO introduction of one carbon atom. Insertion of magnesium gives a Grignard reagent, 
a which then attacks carbon dioxide to give a carboxylate ion, which is then 
3) H30 protonated upon acidic workup. 
Lithium aluminum hydride is a powerful hydride reducing agent. It will reduce 
1) LiAIH4 ketones, aldehydes, esters, and carboxylic acids to give alcohols. Reduction of 
2) H3O* esters and carboxylic acids requires the use of excess LiAIH4. Reduction of an amide 
(with LiAlHs) gives an amine. 
jf N N Pyridine is a weak base that is often used to neutralize for reactions that produce a 
E strong acid as a by-product. 
Thionyl chloride can be used to convert a carboxylic acid into an acid halide. This 
SOCHI : E p 
reagent can also be used to dehydrate an amide to give a nitrile. 
Alcohols are weak nucleophiles and weak bases. An alcohol can be used to convert 
ROH : : j Tu 
an acid chloride or an acid anhydride into an ester. 
NH Ammonia is both a base and a nucleophile. Excess ammonia can be used to convert 
d an acid chloride or an acid anhydride into an amide. 
RNH Primary amines are bases and nucleophiles. Excess amine can be used to convert an 
: acid chloride or an acid anhydride into an amide. 
R-NH Secondary amines are bases and nucleophiles. Excess amine can be used to convert 
‘ an acid chloride or an acid anhydride into an amide. 
A Grignard reagent is a strong nucleophile. Two equivalents of a Grignard reagent 
will react with an acid chloride, with an anhydride, or with an ester, followed by 
1) xs RMgBr we à i : P 
" aqueous acidic workup, to give an alcohol (with the introduction of two R groups). 
2) HO A Grignard reagent will also react with a nitrile, followed by hydrolysis, to give a 
g 8 
ketone. 
R-CuLi A lithium dialkylcuprate is a weak nucleophile. It will react with an acid chloride to 
TM give a ketone, but it will not react with ketones or esters. 
1) LiAIOR)3H Lithium trialkoxyaluminum hydrides are reducing agents that will convert an acid 
p chloride or an acid anhydride into an aldehyde, without subsequent reduction of the 
2) H:O resulting aldehyde. 
1) DIBAH Diisobutylaluminum hydride is a hydride reducing agent that will convert an ester 
2) H30* into an aldehyde. 
" Aqueous acid will cause hydrolysis of an acid chloride, an anhydride, an ester, an 
H30 à A à rus 
amide, or a nitrile to give a carboxylic acid. 
[H'], ROH Under acidic conditions, an alcohol will react with a carboxylic acid via a Fischer 


esterification, giving an ester. 
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Solutions 


20.1. 

(a) In this molecule, the longest chain that contains both 
carboxylic acid groups is comprised of five carbon 
atoms, so the parent name (pentane) is given the suffix 
*—dioic acid", resulting in the IUPAC name pentanedioic 
acid. The common name is glutaric acid. 


o o 
HO OH 


IUPAC name - pentanedioic acid 
Common name = glutaric acid 


(b) In this molecule, the longest chain that contains the 
carboxylic acid group is comprised of four carbon atoms, 
so the “e” in the parent name (butane) is replaced with 
the suffix “-oic acid", resulting in the IUPAC name 
butanoic acid. The common name is butyric acid. 


Oo 


piso. 


IUPAC name - butanoic acid 
Common name = butyric acid 


(c) The carboxylic acid group is attached to a ring, so the 
IUPAC name for this compound uses the name of the 
ring followed by the suffix “-carboxylic acid"; thus this 
compound is benzenecarboxylic acid. The common 
name is benzoic acid. 

(0) 


OH 


TUPAC name = benzenecarboxylic acid 
Common name = benzoic acid 


(d) In this molecule, the longest chain that contains both 
carboxylic acid groups is comprised of four carbon 
atoms, so the parent name (butane) is given the suffix 
*—dioic acid", resulting in the IUPAC name butanedioic 
acid. The common name is succinic acid. 


(0) 


OH 
T 


[9] 
IUPAC name - butanedioic acid 
Common name - succinic acid 


(e) In this molecule, the parent chain is comprised of two 
carbon atoms, and the “e” in the parent name (ethane) is 
replaced with the suffix “-oic acid", resulting in the 
IUPAC name ethanoic acid. The common name is acetic 
acid. 

O 


Ao 


TUPAC name = ethanoic acid 
Common name = acetic acid 


(f) In this molecule, which contains only one carbon 
atom, the “e” in the parent name (methane) is replaced 
with the suffix “-oic acid", resulting in the IUPAC name 
methanoic acid. The common name is formic acid. 


H^ "oH 


IUPAC name = methanoic acid 
Common name = formic acid 


20.2. 
(a) This molecule has a  four-membered ring 
(cyclobutane) connected to a carboxylic acid group. 


Ó 


OH 


(b) The parent (butyric acid) has a four-carbon chain 
with a carboxylic acid at one terminus. The name 
indicates that there are two substituents (both chlorine 
atoms) at the C3 position. 


cl cl O 
OH 


(c) The parent (glutaric acid) has a five-carbon chain 
with a carboxylic acid at each terminus. The name 
indicates that there are two substituents (both methyl 
groups) at the C3 position. 


ws, 


20.3. 

(a) We begin by identifying the parent. The carbon atom 
of the carboxylic acid group must be included in the 
parent. The longest chain that includes this carbon atom 
is six carbon atoms in length, so the parent is hexanoic 
acid. There are four substituents (highlighted), all of 


which are methyl groups. Notice that the parent chain is 
numbered starting from the carbonyl carbon (defined as 
Cl). According to this numbering scheme, two methyl 
groups are at C3, and two are at C4. We use the prefix 
“tetra” to indicate four methyl groups. 


O 


OH 


3,3,4,4-tetramethylhexanoic acid 


(b) We begin by identifying the parent. The carbon atom 
of the carboxylic acid must be included in the parent. 
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p m 


2-propylpentanoic acid 


20.4. The conjugate base of the first compound is not 


resonance stabilized. 
Jl. ud? 
H 


The second compound is more acidic because its 
conjugate base is resonance-stabilized: 


The longest chain that includes this carbon atom is five 
carbon atoms in length, so the parent is pentanoic acid. o 


There is one substituent: a propyl group (highlighted). iS) O 
Notice that the parent chain is numbered starting from JL o p 
the carbonyl carbon (defined as C1). According to this HC iS) H3C O 


numbering scheme, the propyl group is at C2. 


20.5. The conjugate base is resonance stabilized, with the negative charge spread over two oxygen atoms (much like 
the conjugate base of a carboxylic acid), as shown below. Note: there are three additional resonance structures that have 
not been drawn (each of which exhibits the negative charge on a carbon atom). 


LË d 


20.6. The first step is to draw the conjugate base of each molecule, including all relevant resonance structures. In the 
conjugate base of meta-hydroxyacetophenone, the negative charge is spread over only one oxygen atom (and three 
carbon atoms). In contrast, the conjugate base of para-hydroxyacetophenone has the negative charge spread over two 
oxygen atoms (and three carbon atoms), as shown in problem 20.5. The additional resonance structure of the para 
isomer’s conjugate base renders it a more stable, weaker base, so para-hydroxyacetophenone is expected to be the 
stronger acid. Meta-Hydroxyacetophenone has the less stable, stronger conjugate base, so meta-hydroxyacetophenone 
is less acidic than the para isomer. 


20.7. The first step is to identify the acid (formic acid) and base (hydroxide). When drawing a mechanism for an acid- 
base reaction, two curved arrows are required, as shown below. The tail of the first arrow is placed on a lone pair of the 
hydroxide oxygen atom, and the head is placed on the acidic hydrogen atom of formic acid. The tail of the second 
arrow is placed on the O-H bond, and the head is placed on the oxygen atom. The resulting carboxylate salt is named 
starting with the inorganic cation (potassium) followed by replacing the “-ic acid” suffix from formic acid to “-ate” 
giving the name potassium formate. 


——————- yrs? & + HO 


formic acid potassium formate 


20.8. To determine the relative amounts of acetic acid and its conjugate base (acetate), we enter the pKa of acetic acid 
(4.76) and the pH (5.76) into the rearranged Henderson-Hasselbach equation as shown below: 


[conjugate base] 
[acid] 


49 (PH -pKa) _ 40076 - 4.76) 


10! = 10 


The result shows that the conjugate base predominates under these conditions (at a ratio of 10:1). 
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20.9. For each set of acids, we need to assess the relative 
stability of each of the conjugate bases. A more stable, 
weaker conjugate base means that the corresponding acid 
is more acidic. When comparing the structures, we need 
to consider the nature of the substituents and their 
position relative to the carboxylic acid functional group. 
Electron-withdrawing groups stabilize the negative 
charge in the conjugate base while electron-donating 
groups destabilize the negative charge in the conjugate 
base. Substituents that are closer to the carboxylic acid 
have a greater effect on acidity. 


(a) Each of the three acids has the same four-carbon 
parent: butyric acid. The first two molecules have two 
electron-withdrawing ^ chlorine substituents each, 
rendering them more acidic than the third molecule, 
which has two electron-donating methyl groups. The 
difference between the first two molecules is in the 
relative positions of the two chlorine atoms. The 
compound with the two chlorine atoms on positions C2 
and C3 is more acidic than the compound with the 
chlorine atoms on positions C2 and C4, because the 
chlorine atom on C3 has a greater effect than the chlorine 
atom on C4. The correct order, in increasing acidity, is 
thus: 3,3-dimethylbutyric acid « 2,4-dichlorobutyric acid 
« 2,3-dichlorobutyric acid. 


(b) Each of the three acids has the same three-carbon 
parent: propionic acid. The first molecule has an 
electron-withdrawing bromine atom on C3 and the other 
two molecules have two bromine atoms each. The 
compound with two bromine atoms on C2 is the most 
acidic because the two bromine atoms are closest to the 
carboxylate anion in the conjugate base. The compound 
with two bromine atoms on C3 is more acidic than the 
compound with one bromine atom on C3 due to the 
additive effect of the two bromine atoms. The correct 
order, in increasing acidity, is thus: 3-bromopropionic 
acid < 3,3-dibromopropionic acid < 2,2-dibromo- 
propionic acid. 


20.10. 

(a) The starting material is an alcohol (ethanol) and the 
product is the corresponding carboxylic acid with two 
carbon atoms (acetic acid). Reagents that accomplish this 
oxidation reaction are: Na2Cr207, H2SO4, H20. 


(b) The conversion of toluene to benzoic acid requires 
oxidation of the methyl group to give a carboxylic acid 
group. Recall that an alkyl group attached to an aromatic 
ring is oxidized to a carboxylic acid by a strong 
oxidizing agent, as long as the alkyl group has at least 
one benzylic hydrogen atom. This conversion can thus 
be accomplished using: Na?Cr207, H2SO4, H20. 


(c) The conversion of benzene to benzoic acid requires 
the installation of a carbon atom on the carbon skeleton 
of the starting material. One approach to accomplish this 
transformation is to install a methyl group using a 


Friedel-Crafts alkylation (CH3Cl, AICI3) followed by an 
oxidation of the methyl group using strongly oxidizing 


conditions, as shown. 
[9] 


1) CHsCI, AICI; OH 
— > 
2) Na¿Ċr207 
H2504 
CHCl H20 
AlCl 


There are certainly other acceptable solutions. For 
example, bromination of benzene, followed by treatment 
of the resulting bromobenzene with magnesium, gives 
phenyl magnesium bromide. This Grignard reagent can 
then be treated with CO», followed by aqueous acidic 
workup, to give benzoic acid. This alternate solution 
illustrates an important point. For many of the synthesis 
problems that you will encounter, there may be more 
than one way to approach the problem. 


(d) The starting material (1-bromobutane) has four 
carbon atoms, and the product (pentanoic acid) has five 
carbon atoms, so we need to propose a synthesis that 
involves installation of the fifth carbon atom. We can use 
NaCN to convert the four-carbon starting material to a 
five-carbon synthetic intermediate (a nitrile) via an Sn2 
process. Hydrolysis of this intermediate (H3O", heat) 
converts the nitrile to a carboxylic acid, giving the 
desired product. An alternate approach is to convert the 
starting alkyl halide to the corresponding Grignard 
reagent using Mg, followed by reaction with CO» to 
produce a carboxylate. Protonation with aqueous acid 
gives the desired carboxylic acid. 


1) NaCN 


/ 2)H30*, heat N 
(0) 
Br oe 
NN OH 


1) Mg 
N23) 60s / 
3) HO* 


(e) The conversion of ethylbenzene to benzoic acid 
requires an oxidation of the benzylic carbon atom of the 
starting material to form a carboxylic acid group. Recall 
that an alkyl group attached to an aromatic ring is 
oxidized to a carboxylic acid by a strong oxidizing agent, 
as long as the alkyl group has at least one benzylic 
hydrogen atom. This conversion can thus be 
accomplished using: NazCr207, H2SO4, H20. 


(f) The starting material (bromocyclohexane) has six 
carbon atoms, and the product (cyclohexanecarboxylic 
acid) has seven carbon atoms, so we need to propose a 
synthesis that includes the installation of the seventh 
carbon atom. We can use NaCN to convert the six- 
carbon starting material to a seven-carbon synthetic 
intermediate via an Sn2 process. Hydrolysis of this 
intermediate (H3O", heat) converts the nitrile to a 
carboxylic acid, giving the desired product. An alternate 
approach is to convert the starting alkyl halide to the 
corresponding Grignard reagent using Mg, followed by 
reaction with CO» to produce a carboxylate. Protonation 
with aqueous acid gives the desired carboxylic acid. 


1) NaCN 


/ 2)H30*, heat N (0) 
Br 
Cy 1) Mg 
\ 2) CO; / 


3) HO* 


OH 


20.11. 

(a) This synthesis requires the conversion of a six-carbon 
starting material (bromobenzene) to a seven-carbon 
product (benzyl alcohol), so we must include a reaction 
to form a new C-C bond. There are certainly multiple 
solutions to this problem. One such solution involves 
conversion of the starting material into a Grignard 
reagent, which can then be treated with formaldehyde, 
followed by acidic workup (H30") to produce the desired 
product (benzyl alcohol) as shown: 


Alternatively, the starting material can be converted into 
a Grignard reagent, which can then be treated with CO» 
followed by aqueous acidic workup (H30*) to produce 
benzoic acid. Reduction of the carboxylic acid using 
lithium aluminum hydride, followed by aqueous acidic 
workup, produces the desired product (benzyl alcohol) as 
shown: 
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1) Mg 
Br 
2) CO? OH 
3) H30* 
4) LiAIH4 
5) H30* 
Mg 1) LiAIH4 
2) H30* 
[9] 
MgBr 
1) CO; OH 
2) H0* 


(b) The starting material (toluene) and product (benzyl 
alcohol) have seven carbon atoms each. Oxidation of the 
starting material to benzoic acid can be accomplished 
with a suitable oxidizing agent to give benzoic acid. 
Reduction of the resulting carboxylic acid using lithium 
aluminum hydride, followed by aqueous acidic workup, 
produces the desired product (benzyl alcohol) as shown. 
Alternatively, a bromine atom can be installed in the 
benzylic position using NBS/heat. Subsequent reaction 
with NaOH produces the desired product via an Sn2 
reaction, as shown: 


1) NasCro07, 
H5SO4, H20 


/ 2) xs LAIH, N 
3) H30* 
or cy 


N 1) NBS, heat / 


2) NaOH 


20.12. 

(a) This symmetric anhydride is named by replacing 
“acid” from the corresponding carboxylic acid (propionic 
acid) with the suffix “anhydride”, giving the name 
propionic anhydride (or propanoic anhydride). 


NU 


propionic anhydride 
or 
propanoic anhydride 


(b) This amide is named as a derivative of the carboxylic 
acid “propionic acid” by replacing the *-ic acid" suffix 
with "-amide". The two phenyl groups attached to the 
nitrogen atom are listed as substituents. Their position is 
indicated by the locant “N” thus giving the name N,N- 
diphenylpropionamide (or N,N-diphenylpropanamide). 
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E 
N,N-diphenylpropionamide 


or 
N,N-diphenylpropanamide 


(c) This diester is named as a derivative of the parent 
dicarboxylic acid “succinic acid" by replacing the “-ic 
acid" suffix with “-ate”. The two methyl groups attached 
to the oxygen atoms are indicated at the beginning, thus 
giving the name dimethyl succinate (or dimethyl 
butanedioate, based off the parent butanedioic acid). 


od 9^ 


9) 
dimethyl succinate 


or 
dimethyl butanedioate 


(d) This amide is named as a derivative of 
“cyclobutanecarboxylic acid” by replacing “-carboxylic 
acid” with “-carboxamide”. The two alkyl groups 
attached to the nitrogen atom (ethyl and methyl) are 
listed in alphabetical order as substituents. Their 
position is indicated with the locant “N” thus giving the 
name N-ethyl-N-methylcyclobutanecarboxamide. 


Ó 


ia 


N-ethyl-N-methylcyclobutanecarboxamide 


(e) This nitrile is named as a derivative of the carboxylic 
acid “butyric acid” by replacing the “-ic acid” suffix with 


"-onitrile" giving the name  butyronitrile (or 
butanenitrile). 
NN 
butyronitrile 
or 


butanenitrile 


(f) This ester is named as a derivative of the parent 
carboxylic acid “butyric acid” by replacing the “-ic acid” 
suffix with "-ate". The propyl group attached to the 
oxygen atom is indicated at the beginning, thus giving 
the name propyl butyrate (or propyl butanoate). 


o 
P ee 


propyl butyrate 
or 
propyl butanoate 


(g) This cyclic anhydride is named as a derivative of the 
parent dicarboxylic acid “succinic acid" by replacing 
“acid” with “anhydride”, giving the name succinic 
anhydride (or butanedioic anhydride, based off the parent 
butanedioic acid). 


succinic anhydride 


or 
butanedioic anhydride 


(h) This ester is named as a derivative of the parent 
carboxylic acid “benzoic acid” by replacing the “-oic 
acid" suffix with “-ate”. The methyl group attached to 
the oxygen atom is indicated at the beginning, thus 
giving the name methyl benzoate. 


e 
o— 
methyl benzoate 


(i) This ester is named as a derivative of the parent 
carboxylic acid “acetic acid” by replacing the “-ic acid” 
suffix with “-ate”. The phenyl group attached to the 
oxygen atom is indicated at the beginning, thus giving 
the name phenyl acetate (or phenyl ethanoate, based off 
the parent ethanoic acid). 


OT 


phenyl acetate 
or 
phenyl ethanoate 


20.13. 

(a) The parent (oxalic acid) is a dicarboxylic acid with 
two carbon atoms. The suffix “-ic acid” is replaced with 
“cate”, indicating that this is a diester. The name 
indicates that the two alkyl groups attached to the 


oxygen atoms are methyl groups. 


secet 


O 


(b) The parent (cyclopentanecarboxylic acid) is a ring 
with five carbon atoms attached to a carboxylic acid. The 
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suffix “-ic acid” is replaced with “-ate”, indicating that O 
this is an ester. The name indicates that the group ee A 
attached to the oxygen atom is a phenyl group. N 
H 
[9] 
(d) The parent (propionic acid) is a carboxylic acid with 
[9] three carbon atoms. The suffix “-ic acid" is replaced with 
*-yl chloride", indicating that this compound is an acid 
chloride. 
(c) The parent (propionic acid) is a carboxylic acid with 
three carbon atoms. The suffix “-ic acid" is replaced O 
with “-amide”, indicating that this compound is an auh 
amide. The name indicates that there is one methyl Cl 


group attached to the nitrogen atom. 


20.14. 
(a) This mechanism has two steps: 1) nucleophilic attack, and 2) loss of a leaving group. The first step (nucleophilic 
attack), requires two curved arrows, which show the carboxylate ion functioning as a nucleophile and attacking the 
electrophilic carbonyl group, resulting in a tetrahedral intermediate. In step two (loss of a leaving group), the carbonyl 
group is reformed and chloride leaves, as shown with two curved arrows, resulting in the formation of an anhydride, as 
shown. 

(0) 


O e Al. P 96. O S9 oO oO 
o ME + TA —— ee 
Cl 


(b) This mechanism has three steps: 1) nucleophilic attack, 2) loss of a leaving group, and 3) proton transfer. The first 
step (nucleophilic attack) requires two curved arrows, which show ammonia functioning as a nucleophile and attacking 
the electrophilic carbonyl group, resulting in a tetrahedral intermediate. In step two (loss of a leaving group), the 
carbonyl group is reformed and chloride leaves, as shown with two curved arrows. In the third step (proton transfer), a 
second equivalent of ammonia serves as a base, deprotonating the cationic intermediate, resulting in the formation of an 
amide, as shown. 


O , ET H o O H 
c LA Nh; D / -CI / 
a a 
cl d'a SNJ" 
Cl 
H H 
:NH3 
(®) 
NH; 


(c) This reaction occurs under acidic conditions, so we must avoid formation of a strong base. Thus, proton transfers 
are required at multiple stages in the mechanism. The mechanism shown below has six steps: 1) proton transfer, 2) 
nucleophilic attack, 3) proton transfer, 4) proton transfer, 5) loss of a leaving group, and 6) proton transfer. The first 
step (proton transfer) requires two curved arrows to show the transfer of a proton from MeOH?' to the carbonyl group, 
resulting in the formation of an activated electrophile. In step two (nucleophilic attack), methanol serves as a 
nucleophile attacking the protonated carbonyl group, producing a cationic tetrahedral intermediate. We cannot 
immediately expel the OH group at this stage, as this would result in the formation of a strong base (hydroxide). This 
must be avoided in acidic conditions. In step 3 (proton transfer), methanol serves as a base, resulting in a neutral 
intermediate. Subsequently, in step 4 (proton transfer) a proton is transferred from MeOH?* to the uncharged oxygen 
atom, as shown. In step 5 (loss of leaving group), the carbonyl group is reformed and water serves as the leaving 


880 CHAPTER 20 


group. In step 6 (proton transfer), methanol serves as a base which deprotonates the cationic intermediate, resulting in 
formation of the ester. 


Q 
a Me~@™H es 
T 
OL 2 
O, 
H^ ^Me 
o o CH ^o? OH f 
A Idi: pie Du Ed 
\ 
OMe OMe go: H 
Me 


20.15. Since the reaction conditions are basic, we begin the mechanism with a deprotonation of the acidic phenol 
proton. The resulting phenolate ion is a good nucleophile that can attack the carbonyl group of the anhydride. Loss of 
the leaving group from the charged tetrahedral intermediate completes the nucleophilic acy] substitution. 


Base :/ \ Proton Nucleophilic 
H LA o transfer Oe : re) : ON f 5 attack 
MeO ~ MeO we A. x 
H ~~ H 5 = 
E MeO 
H 
o charged tetrahedral 
PT "d intermediate 
O: (0) 
TM O Loss of a 
e : 
H N leaving group 


Note that unlike with an amine nucleophile, it is unacceptable to attack with a neutral alcohol (or phenol) nucleophile 
because that would result in formation of a strong acid (a proton attached to an oxygen atom that bears a positive 
charge) in basic conditions. 


Nucleophilic : o 
attack A o IE. 


ji. em des E 
MeO i Ae -XxX TO 
Q MeO B 


unstable intermediate 
(strong acid in basic conditions) 


Instead, deprotonation of the alcohol occurs first, before nucleophilic attack. 


20.16. 
(a) The reaction of an acid chloride with excess LiAlHa, 
followed by aqueous acidic workup, results in the 
formation of the corresponding alcohol shown below. 

OH 


ah By 


(b) The reaction of an acid chloride with excess phenyl 
magnesium bromide, followed by aqueous acidic 
workup, results in the incorporation of two phenyl 
groups, giving a tertiary alcohol. 

OH 


O 
Cl Ph 
Ph 


(c) The reaction of an acid chloride with the selective 
hydride-reducing agent, LiAl(OR)3H, produces an 
aldehyde. Subsequent reaction with a Grignard reagent, 
followed by aqueous acidic workup, gives a secondary 


alcohol. 


Ò 
LIAKOR)3H 4 1) EtMgBr 
2) H30* 


(d) The reaction of an acid chloride with a lithium 
dialkylcuprate (a selective carbon nucleophile) produces 
a ketone. Subsequent reaction with LiAIHa, followed by 
aqueous acidic workup, gives a secondary alcohol. 


(0 
oO 
Et;CuLi od 1) LiAlH4 


1) xs LiAIH4 
2) H30* 


1) xs PhMgBr 
— 
2) H30* 


_Í)LAOR}H — 


T3) EtMgBr —— 
3) H30* 


1) _ A) EtgCuLi 
~ 2) LAH, - LIAIH4 
3) H30* 


2) H30* 
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(e) The reaction of an acid chloride with phenol (in the 
presence of pyridine) results in the replacement of the 
chlorine atom with the phenol oxygen atom, producing 
an ester, as shown. 


OH 


om 


| C) 
e^ 
(f) The reaction of an acid chloride with two equivalents 


of an amine results in the replacement of the chlorine 
atom with the amine nitrogen atom, producing an amide, 


as shown. 
[9] [9] 
N—H 
ci b 
(two equivalents) 


20.17. The conversion of benzyl alcohol to benzoyl 
chloride requires oxidation of the benzylic carbon atom. 
Subsequent reaction with thionyl chloride results in the 
conversion of the carboxylic acid to the desired acid 
chloride. 


1 ) NasCro07, 
H5S04, H20 
————— 


2) SOCb 


(0) 
SOCl 
OH 


Cl 


NasCr207, 
H5SO4, H20 
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20.18. The reaction between an acid chloride and a Grignard reagent occurs via the following mechanism. In the first 
step (nucleophilic attack), the anionic carbon atom of the Grignard reagent serves as a nucleophile and attacks the 
electrophilic carbonyl group, resulting in a charged tetrahedral intermediate. In step two (loss of a leaving group), the 
carbonyl group is reformed and chloride leaves, shown with two curved arrows. In step three (nucleophilic attack), a 
second equivalent of the Grignard reagent attacks the carbonyl group of the intermediate ketone, resulting in the 
formation of another tetrahedral intermediate. 


Once this reaction is complete, concentrated acid is added to the reaction flask. H3O* serves as an acid, protonating the 
alkoxide ion and producing an alcohol. Under these strongly acidic conditions, the alcohol is further protonated, giving 
an oxonium ion. Loss of water generates a tertiary carbocation, which can then be deprotonated (an E1 process). Note 
that removal of this proton results in the more substituted alkene (the Zaitsev product). 


20.19. 
(a) The reaction of an acid anhydride with phenol results in replacement of the carboxylate leaving group with the 
phenol oxygen atom. After a proton transfer, the following ester and carboxylic acid are produced. 


(0) (0) (0) (0) 
OH 
(0) (0) n HO 


(b) The reaction of an acid anhydride with diethylamine results in replacement of the carboxylate leaving group with 
the amine nitrogen atom. After a proton transfer, the following amide and a carboxylate ion are produced. You might 
be wondering why a carboxylate ion is drawn rather than a carboxylic acid. This will be discussed in Chapter 23, but 
here is a preview: In the presence of excess diethylamine, the resulting carboxylic acid is deprotonated to give a 
carboxylate ion (compare the pKa values of an ammonium ion and a carboxylic acid, which can be found in the pKa 
table on the inside cover of the textbook). 
i 4 
© 


| 
Ou. JO BO: tse UNS et on Ne? On. 30 
(c) The reaction of a phenol derivative with acetic anhydride results in the replacement of the carboxylate leaving group 
with the phenol oxygen atom. After a proton transfer, the following ester and carboxylic acid are produced. 


OH 


o o = 
T ooa E 


(d) The reaction of an acid anhydride with a cyclic secondary amine results in the replacement of the carboxylate 
leaving group with the amine nitrogen atom. After a proton transfer, the following amide and carboxylic acid are 
produced. You might be wondering why a carboxylate ion is drawn rather than a carboxylic acid. This will be 
discussed in Chapter 23, but here is a preview: In the presence of excess amine, the resulting carboxylic acid is 
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deprotonated to give a carboxylate ion (compare the pKa values of an ammonium ion and a carboxylic acid, which can 
be found in the pKa table on the inside cover of the textbook). 


OO : 
CRS NU s po 


20.20. Three methods of converting benzoic acid to ethyl benzoate are shown below. In the first method, benzoic acid 
is deprotonated by NaOH. The intermediate salt (sodium benzoate) serves as a nucleophile in a subsequent Sn2 
reaction with ethyl iodide. The second method is a Fischer esterification process, in which ethanol serves as both the 
solvent and a weak nucleophile. In the third method, benzoic acid is first converted to benzoyl chloride, and 
subsequently treated with ethanol (in the presence of pyridine) to produce the desired ester. 


1) NaOH 
[9] A 2) CH3CH;I EN O 


OH [H*], EtOH, -H2O OEt 
———————————- 


1) SOC; JU 


2) EtOH, pyridine 


20.21. 


(a) Oxidation of benzyl alcohol to benzoic acid is accomplished using strongly oxidizing conditions, as shown below. 
Subsequent conversion to the corresponding ethyl ester can be accomplished by any of the three methods shown, as 
described in the solution to problem 20.20. 


1) NaOH 
OH fe PA 2) CHaCH?I E" Oo 
Na2Cr207 OH [H*], EtOH, -H20 OEt 


> 


1) SOCL fe 


2) EtOH, pyridine 


H2504, H50 


(b) Oxidation of styrene to benzoic acid is accomplished using strongly oxidizing conditions, as shown below. 
Subsequent conversion to the corresponding ethyl ester can be accomplished by any of the three methods shown, as 
described in the solution to problem 20.20. 


1) NaOH 
fe) A 2) CHa3CH;I Em [0] 


"us Na;Cr07 OH [H*], EtOH, -H20 OEt 
H2504, H20 x 


N 1) SOCb VA 


2) EtOH, pyridine 
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20.22. 

(a) The first equivalent of lithium aluminum hydride 
reduces the ester to an aldehyde in two mechanistic steps 
(nucleophilic attack of LiAlH4, then loss of methoxide). 
A second equivalent further reduces the aldehyde to the 
corresponding alkoxide, which is subsequently 
protonated upon workup with aqueous acid. Overall, 
LiAIH4 supplies two equivalents of hydride that are 
incorporated into the product. 


[9] 


Y^. 


(b) The first equivalent of the Grignard reagent attacks 
the carbonyl group, thereby converting the ester into a 
ketone in two mechanistic steps (nucleophilic attack of 
EtMgBr, followed by loss of methoxide). A second 
equivalent of the Grignard reagent then attacks the 
carbonyl group of the ketone intermediate to produce an 
alkoxide ion, which is protonated during workup with 
aqueous acid. Overall, two ethyl substituents are 
incorporated into the product. 


1) xs LiAIH4 
— > 


2) HO" MeOH 


OH + 


Ó 
1) xs EtMgBr 
anil 
OMe 2)H,0* OH 


(c) The first equivalent of lithium aluminum hydride 
reduces the ester to an aldehyde in two mechanistic steps 
(nucleophilic attack of LiAlH4, followed by loss of a 
leaving group, which remains tethered to the aldehyde 
group via the alkyl chain). A second equivalent of 
lithium aluminum hydride further reduces the aldehyde 
to the corresponding alkoxide. The resulting dianion is 
protonated upon treatment with aqueous acid. Overall, 
LiAIH4 supplies two equivalents of hydride that are 
incorporated into the product. 


+ MeOH 


O 


[9] 1) xs LiAIH4 


7 wow 
2) H30 HO OH 


(d) Upon treatment with aqueous acid, an ethyl ester is 
hydrolyzed to the corresponding carboxylic acid and 
ethanol. The reaction occurs under acid-catalyzed 
conditions, in which an OH group ultimately replaces the 
OEt group of the ester. 


o o 
HO 
og fh OH 


(e) In step 1, benzoic acid is deprotonated by NaOH. 
The intermediate salt (sodium benzoate) serves as a 
nucleophile in a subsequent Sn2 reaction with ethyl 


iodide, giving an ester, as shown. 
9) 
E e 


1) NaOH 
————- 


[9] 

OH 

2) EtI 

(f) The first equivalent of the Grignard reagent attacks 
the carbonyl group, thereby converting the cyclic ester 
into an acyclic ketone in two mechanistic steps 
(nucleophilic attack of EtMgBr, followed by loss of the 
leaving group, which remains tethered to the molecule 
via the alkyl chain attached to the aromatic ring). A 
second equivalent of the Grignard reagent attacks the 


carbonyl group of the ketone intermediate to produce an 
alkoxide ion, which is subsequently protonated upon 


treatment with aqueous acid. Overall, two ethyl 
substituents are incorporated into the product. 
O 
OÓ 1) xs EtMgBr OH 
———————- 
2) HO* 
OH 


20.23. This reaction occurs under acidic conditions, so we must avoid formation of a strong base. Thus, proton 
transfers are required at multiple stages in the mechanism. The mechanism shown below has six steps: 1) proton 
transfer, 2) nucleophilic attack, 3) proton transfer, 4) proton transfer, 5) loss of a leaving group, and 6) proton transfer. 
The first step (proton transfer), requires two curved arrows to show the transfer of a proton from H3O* to the carbonyl 
group, resulting in formation of an activated electrophile. In step two (nucleophilic attack), water serves as a 
nucleophile, attacking the protonated carbonyl group, producing a cationic tetrahedral intermediate. We cannot 
immediately expel the alkoxy group at this stage, as this would result in the formation of a strong base (an alkoxide 
ion). This must be avoided in acidic conditions. This oxygen atom must first be protonated. However, protonation at 
this stage would result in an intermediate with two positive charges, which should be avoided, if possible. Therefore, 
in the next step (step 3), water serves as a base, resulting in a neutral intermediate. Subsequently, in step 4 (proton 
transfer) a proton is transferred from H3O' to the oxygen atom, as shown. In step 5 (loss of leaving group), the carbonyl 


CHAPTER 20 885 


group is reformed and an alcohol serves as the leaving group, resulting in the opening of the ring. In step 6 (proton 
transfer), water serves as a base which deprotonates the cationic intermediate, resulting in formation of a bifunctional 
product. 


20.24. product (ammonia) is protonated, resulting in formation 
(a) An amide is converted to the corresponding amine of an ammonium ion. 
upon treatment with lithtum aluminum hydride, followed 
by water workup. (0) (0) 
H,0* 
NH; a OH © 
) excess pl Ecce la e heat + NH4 
NH2 
Pr 
20.25. An acid chloride can be converted to an amine in 
(b) The reaction of an acid chloride with excess two steps. First, the acid chloride is treated with excess 
ammonia results in replacement of the chloride leaving ammonia to produce the corresponding amide. 
group with an NH group. Subsequent reduction with excess lithium aluminum 


hydride, followed by protonation with water, produces 


benzyl amine, as shown. 
excess 


Me 


CI 
+ NH4CI 
ecce DABIT excess NH3 NH; 
dori P : . )excess D) excess LIAIH4 
(c) An amide is hydrolyzed to give a carboxylic acid 


; : 3 H20 
upon treatment with aqueous acid at elevated 
temperature. Under these acidic conditions, the by- 


20.26. 

(a) This reaction occurs under acidic conditions, so we must avoid formation of a strong base. Thus, proton transfers 
are required at multiple stages in the mechanism. The first step (proton transfer), requires two curved arrows to show 
the transfer of a proton from H3O" to the carbonyl group, resulting in formation of an activated electrophile. In step two 
(nucleophilic attack), water serves as a nucleophile attacking the protonated carbonyl group, producing a cationic 
tetrahedral intermediate. We cannot immediately expel the amine group at this stage, as this would result in the 
formation of a strong base. This must be avoided in acidic conditions. This nitrogen atom must first be protonated. 
However, protonation at this stage would result in an intermediate with two positive charges, which should be avoided, 
if possible. Therefore, in the next step (step 3), water serves as a base, resulting in a neutral intermediate. 
Subsequently, in step 4 (proton transfer), a proton is transferred from H3O' to the nitrogen atom, as shown. In step 5 
(loss of leaving group), the carbonyl group is reformed and the amine serves as the leaving group, resulting in the 
opening of the ring. In step 6 (proton transfer), water serves as a base which deprotonates the cationic intermediate, 
resulting in formation of a bifunctional product. Under these acidic conditions, the amino group in the product is 
protonated to give an ammonium ion. 
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o 
ayn Ji 
H3N OH 


(b) This mechanism has three steps: 1) nucleophilic attack, 2) loss of a leaving group, and 3) proton transfer. The first 
step (nucleophilic attack) requires two curved arrows, which show hydroxide functioning as a nucleophile and 
attacking the electrophilic carbonyl group, resulting in an anionic tetrahedral intermediate. In step two (loss of a leaving 
group), the carbonyl group is reformed as a result of cleavage of the carbon-nitrogen bond, thereby opening up the ring 
and resulting in formation of a bifunctional anionic intermediate containing a carboxylic acid group and a deprotonated 
amine. In the third step (proton transfer) the anionic nitrogen atom serves as a base, deprotonating the carboxylic acid 
group in an intramolecular process, resulting in the formation of a carboxylate ion. 


w^ M OH 
6. Z3. ex g" O o 
——. Ó€ rr Ivi — HOn AL NU ERA D 


20.27. 
(a) LiAlHs reduces the C=N triple bond to a single bond 
via incorporation of two equivalents of hydride, 


producing the primary amine shown. 
b db: NH; 


1) xs LiAIH4 
2) H20 


ee 
(b) Treating benzyl bromide with sodium cyanide results 
in the formation of an intermediate nitrile (shown) via an 
Sn2 reaction. Subsequent attack by a Grignard reagent 
produces an anionic intermediate which is then 
protonated and hydrolyzed with H3O" to form the 
corresponding ketone. 


Br 1) NaCN 
2) MeMgBr O 
3) H30* 
NaCN CN 1) MeMgBr 
2) H3O* 


(c) Reaction of a nitrile with a Grignard reagent produces 
an anionic intermediate which is subsequently protonated 
and hydrolyzed with H3O* to form a ketone, as shown. 
Reduction with LiAIH4, followed by aqueous acidic 
workup, converts the ketone to the corresponding 


secondary alcohol. 
1) LiAIH, 


2) H30* 


1) EtMgBr 
EMO Le H4O* 


on 3) LiAIH, 
4) H4O* 
1) EtMgBr 


2) H30* 


(d) A nitrile undergoes hydrolysis to give a carboxylic 
acid upon prolonged treatment with aqueous acid at 
elevated temperature. 
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EX NM OH 
i EEG 

20.28. 

(a) Reaction of the acid chloride with excess ammonia 

results in substitution of chloride with the nitrogen atom 

from ammonia. Thionyl chloride serves to dehydrate the 


resulting amide thus producing the desired nitrile as 
shown. 


Ó 
CI 1) excess NH3 oN 
———— 
2) SOCLb 
excess NH3 SOĊI» 


(b) Two approaches for this transformation are shown. 
Note that each approach incorporates an extra carbon 
atom to convert the starting material (which has seven 
carbon atoms) into the product (which has eight carbon 
atoms). In the first approach, sodium cyanide serves as a 
nucleophile in an Sn2 reaction, displacing the bromide to 
produce a nitrile. The nitrile is subsequently hydrolyzed 
upon heating with aqueous acid, to produce the desired 
carboxylic acid. 

In the second approach, benzyl bromide is converted to 
benzyl magnesium bromide (a Grignard reagent), which 
serves as a nucleophile in a subsequent reaction with 
carbon dioxide. The resulting carboxylate ion is then 
protonated with H3O" to produce the desired carboxylic 
acid. 


20.29. This reaction occurs under acidic conditions, so we must avoid formation of a strong base. Thus, proton 
transfers are required at multiple stages in this mechanism. The following mechanism has five steps: 1) proton transfer, 
2) nucleophilic attack, 3) proton transfer, 4) proton transfer, and 5) proton transfer. The first step (proton transfer), 
requires two curved arrows to show the transfer of a proton from H30* to the nitrogen atom, resulting in the formation 
of an activated electrophile. In step two (nucleophilic attack), water serves as a nucleophile attacking the activated 
electrophilic carbon atom of the protonated nitrile, producing a cationic intermediate. In step 3 (proton transfer), water 
serves as a base, resulting in a neutral intermediate. Subsequently, in step 4 (proton transfer), a proton is transferred 
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from H3O' to the nitrogen atom to produce a cationic intermediate (two key resonance structures are shown). In step 5 
(proton transfer), water serves as a base which deprotonates the cationic intermediate, resulting in the formation of an 


i —- 
® Hec 
N 


amide. 
H 
/ 
Jum 
N 
u H ne 
C=N: C= 
H, H H.O.H 
N oN 
©) 
Ò — — ———»- 
e 
He.) 
pio 
H^ `H 
H, LH 
N 
[9] 
20.30. 


(a) Acid-catalyzed hydrolysis of the ester produces the 
carboxylic acid, which can then be converted to the acid 
chloride upon treatment with thionyl chloride. 


PEU 2 ue. ny 
2) SOCb Cl 
H4O* SOCh 
pico. 


(b) Upon treatment with thionyl chloride, a carboxylic 
acid is converted to the corresponding acid chloride, 
which can then be treated with excess ammonia to 
produce an amide. Reduction of the amide with excess 
LiAIHa, followed by protonation with aqueous workup, 


yields the desired primary amine. 
[0] 
1) SOCI; 
OH 2) excess NH3 NH2 
M a 
3) excess LIAIH, 
) 
1) xs LIAIH4 


SOCI 
2) H20 


o o 
g~ 


excess NH3 ME 
2 


UH 
N 
D H 
0» 
H 
H 


H^ 
nee 'N^ 
OH 


(c) Hydrolysis of acetic anhydride with water produces 
acetic acid, which can be converted to the desired 
product (acetyl chloride) upon treatment with thionyl 
chloride. 


1) H20 


a 


oO o 
pute 2) SOCL 


HO soch 


(d) The transformation requires conversion of an ester to 
an amine (with no change in the carbon skeleton). One 
way to achieve this transformation involves initial 
hydrolysis of the ester. The resulting carboxylic acid is 
converted to the acid chloride with thionyl chloride, 
which subsequently reacts with excess ammonia to 
produce the amide. Reduction of the amide with excess 
LiAlHa, followed by aqueous workup, yields the desired 
primary amine. 


(0) 1) H30* 

2) SOCI» 
OEt 3) excess NH3 NH2 
4) excess LiAIH4 
5) H20 
1) xs LiAIH4 
3 
H30 2) HO 
i9) 


(e) A carboxylic acid can be converted to an acid 
chloride upon treatment with thionyl chloride. The acid 
chloride will then react with excess ammonia to produce 
an amide. Dehydration of the amide with thionyl 


chloride yields the desired nitrile. 
ae 


[eee 


[9] 
or NH, 


(f) This transformation involves hydrolysis of acetic 
anhydride to give acetic acid, which can be achieved in a 
single step, upon treatment with water. 


O 1) S0CL 


OH  2)excess NH3 
——t c! 
3) SOCII; 


SOCl, 


excess NH3 
—— 


B O 


Te 


(g) An acid chloride can be converted to the 
corresponding ethyl ester in a single step, as shown. 


o 0 
ce EIOH OEt 
py 


(h) Hydrolysis of the amide with H3O* (and heat) 
produces a carboxylic acid, which can be converted to an 
acid chloride upon treatment with thionyl chloride. 
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Subsequent reaction with a sterically hindered lithium 
trialkoxyaluminum hydride reagent, followed by aqueous 
acidic workup, produces the desired aldehyde. 


1) H30*, heat 
P SOCL 


"SYLIAKORXH - 


) LiA(OR)SH 
ges 


1) LiA(OR)4H 
2) H4O* 


SOC 


(i) Hydrolysis of the nitrile produces the carboxylic acid, 
which can be subsequently reduced to the primary 
alcohol with LiAlH4, followed by aqueous acidic 
workup. 


Den heat or 
) excess LiAIH4 
2 H30* 
H30* Ll LiAIH, 
heat 2) HO* 


(j) Oxidation of a primary alcohol with a strong 
oxidizing agent yields a carboxylic acid, which can be 
subsequently converted to an acid chloride. Reaction 
with excess ammonia gives an amide, which can be 
dehydrated with thionyl chloride to give the desired 


nitrile. 
1) Na2Cr205, 
H2504, H2O CN 
OH 2) SOCl2 
3) excess NH3 
4) SOCI 
Na5Cr307 | 
| H»SO4, H2O SOCh 
Ó Ó 
OH NH2 
Ó 


Cl excess NH3 
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20.31. 


(a) In this transformation, an alkene is being converted into an alcohol. 


Since the OH group is installed at the less 


substituted carbon, we need an anti-Markovnikov addition. This can be accomplished using a hydroboration-oxidation 


reaction sequence. 


mee 


1) BH3- THF 
—————————- 
2) H505, NaOH H4CO 


It is reasonable to assume that the unhindered monosubstituted alkene will react more rapidly than the hindered 


trisubstituted alkene. 


R2BH (where R = alkyl) in place of BH. 


In practice, the investigators enhanced the selectivity of the hydroboration process by using 


(b) In this transformation, a primary alcohol is being converted to an acid chloride. This can be accomplished via a 
two-step process. The primary alcohol is first oxidized to a carboxylic acid, so we must choose an appropriate oxidizing 
agent. This is followed by conversion of the carboxylic acid to the acid chloride, using SOCH, as shown. 


2) SOC 


"Ware 
i9) 

Na5Cr2Oz 

H2804, H20 


20.32. 

(a) The starting material has seven carbon atoms, and the 
product has nine carbon atoms. This requires installation 
of an ethyl group via a carbon-carbon bond-forming 
reaction. There are certainly several ways to achieve the 
installation of a single ethyl group. Let’s first consider 
one way that will NOT work. Specifically, we cannot 
install the ethyl group via the reaction between an acid 
chloride and a Grignard reagent, as that would install two 
ethyl groups: 


JL 1) EtMgBr On 
eee 
+ 
ph "gj 2) H30 Ta 


NOT the desired 
target compound 


This reaction cannot be controlled to install a single ethyl 
group. However, a lithium dialkylcuprate will attack an 
acid chloride just once, installing just one ethyl group: 


ak, 


In order to use this method to install an ethyl group, we 
must first convert the starting material into an acid halide 


—_EtCuli O 


Ph 


1} NaĊr207, H5SO4, H20 
m 
H3CO 
Cl 


soch / 
H3CO 
OH 


(which can be accomplished by treating the acid with 
thionyl chloride). Then, after installation of the ethyl 
group, we must convert the ketone into the final product 
(which can be achieved via hydride reduction): 


OH 
1) SOCI» 
a 
2 Et;CuLi 
3) LiAIH4 


4) H30* 4 
SOC, 2) H30* 


[9] [9] 
CY EtsCuli Pad 


Alternatively, a single ethyl group can be installed via 
the reaction between an aldehyde and a Grignard 
reagent. This strategy gives the following synthesis: 
The carboxylic acid is first converted to an acid halide, 
followed by subsequent treatment with LiAl(OR)3H to 
give an aldehyde. The aldehyde can then be treated with 
ethyl magnesium bromide, followed by aqueous acidic 
workup, to give the desired product. This alternative 


strategy demonstrates that there may be more than one 
correct way to approach a synthesis problem. 


(b) The most efficient solution to this problem is shown 
here. Bromobenzene is converted to phenyl magnesium 
bromide (a Grignard reagent) and then treated with 
formaldehyde, followed by aqueous acidic workup, to 
give benzyl alcohol, which serves as a nucleophile in a 
subsequent reaction with acetyl chloride to give the 
desired ester. Acetic anhydride is an equally effective 


reagent for the final esterification step. 
Br PT 
O 


pyridine 


0 
1) Mg 
2) CH;O 
3) H30* 
4) CH3COCI, 
pyridine 


H 


1) =o 


MgBr 
2 H OH 
2) H30* 


(c) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-d) follows. 


o 
oe ER OH 


Cl 


CN , " 
(c 
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a. The desired product is an ester, which can be made 
via acetylation of the appropriate tertiary alcohol. 

b. The tertiary alcohol can be made from an acid 
halide upon treatment with excess Grignard reagent. 

c. The acid halide can be made from the 
corresponding carboxylic acid (benzoic acid). 

d. Benzoic acid can be made from the starting material 
via hydrolysis. 


Now let's draw the forward scheme. Hydrolysis of the 
nitrile to the carboxylic acid, followed by reaction with 
thionyl chloride, produces the acid chloride. Reaction 
with excess methyl magnesium bromide, followed by 
aqueous acidic workup, results in the formation of a 
tertiary alcohol, with the incorporation of two new 
methyl groups. The tertiary alcohol can then serve as a 
nucleophile in an acetylation reaction (upon treatment 
with acetyl chloride) to give the desired ester. Acetic 
anhydride is an equally effective reagent for the final 
esterification step. 


1) H30*, heat 

2) SOCI? 

3) excess MeMgBr 

4) H30* o 
5) CH3COCI, pyridine 


H3O* 
heat s. 
pyridine 
Oo 
OH OH 
[9] 
SOCI? C| 1)xs MeMgBr 


2) H30* 


20.33. In this transformation, two new C-C bonds are being formed. Note that the two new groups are different. One is 
a simple methyl group and the other is a branched six-carbon group containing a double bond. The identity, but not the 


position, of the functional group is also changing. 


O OH 
Z 


A reasonable first step is to convert the carboxylic acid into an acid chloride. 
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OH SOCl Cl 


The desired product is a tertiary alcohol, and we know that tertiary alcohols can be made from acid chlorides using 
excess Grignard reagent. This approach will not work in this case, because we must install two different groups. 
Consider what would happen if we treated the acid chloride above with excess Grignard reagent: 


OH 


) xs 1) xs CHaMgBr 
z ^2) H30* (workup) (workup) 


OH 
) xs (CH3)sC=CHCH3CH»MgBr A 
z 
2) e (workup) 
Ix 


In each case shown above, the product would be a tertiary alcohol in which two identical groups have been installed. 
This is a noteworthy limitation to the use of excess Grignard for making tertiary alcohols from acid chlorides. Our 
synthesis must install two different groups, one at a time. Use of a dialkylcuprate reagent would allow the installation 
of one group, forming a ketone; subsequent addition of a Grignard reagent to the ketone, followed by protonation, 
installs the second group, giving a tertiary alcohol. 


[9] 
_RYCuli Ro4)R'MgBr 
2) 2) HaO* (workup) (workup) 


Putting it all together, there are two variations of this synthesis that differ only in the order in which the two groups are 
installed: 


» soci, 
3)(CHspCui — 
3) 3) (CHs)sC=CHCH)CH)MgBr CHCH5;CH;MgBr 


2 SOĊI, 
 2)(CHS;C-CHCH;CH;p Cui CHCHCH;pCuLi 

3) ^ 3)OHMgBr = ` 

4) H,0* (workup) 


20.34. The signal at 1740 cm’! indicates the presence of a carbonyl group (likely of an ester group) that is not 
conjugated with the aromatic ring (it would be at a lower wavenumber if it were conjugated). The cyclic ester (lactone) 
below fits the description provided and would indeed result in the diol shown upon reduction with two equivalents of 
LiAIH4, followed by aqueous acidic workup. 


ò 
1) LIAIH4 Qeq) -— 
Ó 2)HO* — 
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20.35. 

(a) Each of these acids is a para-substituted benzoic acid. Relative acid strength depends on the electron-withdrawing 
(or electron-donating) capacity of the substituent. Electron-withdrawing groups pull electron density away from the 
ring, thus stabilizing the anionic charge on the conjugate base, thus giving a stronger acid. Electron-donating groups 
have the opposite effect: they donate electron density into the ring, thus destabilizing the anionic charge on the 
conjugate base, resulting in a weaker acid. Accordingly, the acids below are arranged in order of increasing acid 
strength. As seen in Table 18.1, a methoxy group is strongly electron-donating; a methyl group is weakly electron- 
donating; a bromine atom is weakly electron-withdrawing; a carbonyl group is a moderate electron-withdrawing group; 
a nitro group is a strong electron-withdrawing group. 


Increasing acidity 


COOH COOH o COOH COOH 
zg” e Hac? y Br AI O;N^ P 
o 


(b) When comparing the acids below, the difference in acidity is related to the proximity of the electron-withdrawing 
bromine atom to the carboxylic acid group. The closer the bromine atom is to the carboxylic acid group, the more the 
bromine atom stabilizes the negative charge on the conjugate base. Accordingly, the strongest acid in this series has the 
bromine atom immediately adjacent to the carboxylic acid (in the 1 position), followed by the 2-bromo isomer. The 3- 
bromo isomer is the weakest acid, as shown below. 


Increasing acidity 


Br [e] [0] 


Br OH OH OH 


Br 


20.36. 

(a) The second carboxylic acid group is electron- 
withdrawing, and therefore stabilizes the negative charge 
in the conjugate base that is formed when the first proton 
is removed. This makes malonic acid a stronger acid 
than acetic acid. 

(b) The carboxylate ion is electron-rich, and it 
destabilizes the conjugate base that is formed when the 
second proton is removed. This makes the second proton 
of malonic acid /ess acidic than acetic acid. 

(c) Since both pKai and pK are lower than 7.3, they are 
both expected to be largely deprotonated at physiological 
pH, resulting in the dianion shown below. 


i9) i9) 


26 B? 


(d) The number of methylene (CH2) groups separating 
the carboxylic acid groups is greater in succinic acid than 
in malonic acid. Therefore, the inductive effects 
described above in parts (a) and (b) are not as strong, and 
both pKa values are closer to that of acetic acid. 


20.37. 

(a) When a carboxylic acid group is attached to a ring, it 
is named as an alkanecarboxylic acid. This compound 
(with a ring composed of five carbon atoms) is thus 
cyclopentanecarboxylic acid. 


OH 


cyclopentanecarboxylic acid 


(b) An amide is named by replacing the suffix “ic acid" 
or "oic acid" with “amide”. The corresponding 
carboxylic acid is named cyclopentanecarboxylic acid. 
Replacement of “ic acid" with “amide” produces the 
name cyclopentanecarboxamide. 


(0) 


NH» 


cyclopentanecarboxamide 
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(c) This acid chloride is named by replacing the “ic acid” 
from the parent (benzoic acid) with “yl chloride” to 
produce benzoyl chloride. 


(f) The chain that contains the acid chloride group is 
comprised of five carbon atoms, so the “e” in the parent 
name (pentane) is replaced with the suffix "-oyl 


chloride", resulting in the IUPAC name pentanoyl 
fe) chloride. 
(0) 


E aika 


pentanoyl chloride 
benzoyl chloride 
(g) The chain that contains the amide group is comprised 
of six carbon atoms, so the “e” in the parent name 
(hexane) is replaced with the suffix “-amide”, resulting 
in the IUPAC name hexanamide. 


(d) An ester is named by indicating the alkyl group (in 
this case, ethyl) attached to the oxygen atom of the ester, 
followed by the parent name of the corresponding 
carboxylic acid in which the “ic acid” is replaced by 
“ate”. That is, the parent carboxylic acid (acetic acid) iS) 


becomes acetate, giving the name ethyl acetate (or ethyl zonae lla 
NH 


ethanoate, based off the name ethanoic acid). 2 
s hexanamide 
p B RSS 20.38. The common name for each molecule is shown 
below: 
ethyl acetate (a) (b) 
or O 
ethyl ethanoate 
iS) iS) OH 
(e) The chain that contains the carboxylic acid group is p he 
comprised of six carbon atoms, so the “e” in the parent Ó 
name (hexane) is replaced with the suffix *-oic acid", acetic anhydride benzeicàcid 
resulting in the IUPAC name hexanoic acid. 
(c) (d) 
Pere s 1 Vy 
OH AL. 
T" H | OH HO OH 
hexanoic acid NE TEE 
formic acid oxalic acid 


20.39. A molecular formula of C&H12O» corresponds with one degree of unsaturation (see Section 14.16), which 
accounts for the carboxylic acid group. Since there are no other degrees of unsaturation, all of the isomers must be 
acyclic, saturated carboxylic acids. There are eight isomers that fit this description, shown here. These isomers are 
identified by methodically considering each possible parent chain. There is only one isomer with a parent chain of six 
carbon atoms (the first isomer shown). Then, there are three isomers that have a parent chain of five carbon atoms 
(with one methyl substituent). The methyl group can be located at C2, C3 or C4 (it cannot be at C5, because that would 
simply generate a parent chain of six carbon atoms, and we have already accounted for that isomer). Then, there are 
several isomers with a parent chain of only four carbons (with either two methyl groups or with one ethyl group). Once 
again, these isomers are drawn methodically. The two methyl groups can both be at C2, or they can be at C2 and C3, 
or both can be at C3. And finally, there can be an ethyl group at C2. Notice that, for a four-carbon chain, an ethyl 
group cannot be placed at C3, as that would generate a structure with a parent of five carbon atoms (and we have 
already accounted for that isomer). 


Each carboxylic acid is named by identifying the longest chain containing the carboxylic acid group and replacing the 
“e” at the end of the alkane name with “oic acid”. Each chain is numbered with the carboxylic acid carbon atom being 
C1, and the substituents are identified accordingly. Three of the isomers exhibit chiral centers (highlighted). 


hexanoic acid 


a 


CHAPTER 20 895 


chiral centers 


BU, 


3-methylpentanoic acid 


2-methylpentanoic acid 


4-methylpentanoic acid 


MAL 
OH 


3,3-dimethylbutanoic acid 


20.40. There are only two constitutional isomers, shown 
below. Each one is named by identifying the longest 
chain containing the acid chloride group and replacing 
the "e" in the parent name with the suffix ‘“-oyl 
chloride". The first isomer is thus named butanoyl 
chloride. In the second (branched) isomer, the chain is 
numbered so that the carbonyl group is C1, which puts 
the methyl substituent on C2, resulting in the IUPAC 
name 2-methylpropanoyl chloride. 


O i9] 


A c 


butanoyl chloride 
2-methylpropanoyl chloride 


20.41. 

(a) Pentanoic acid is converted to l-pentanol using a 
strong reducing agent (LiAIH4), followed by aqueous 
acidic workup, as shown. 


-—1 1) xs LiAIH4 
> 
OH 2) H,0* YY on 


(b) Pentanoic acid is initially converted to 1-pentanol 
using a strong reducing agent (LiAIH4), followed by 
aqueous acidic workup, as shown. Conversion to the 
tosylate followed by reaction with a strong, sterically 
hindered base produces l-pentene via an E2 reaction. 
Note that a sterically hindered base is required in the last 
step because a non-sterically hindered base (i.e., NaOEt) 
would result in the formation of the Sn2 product as the 
major product. 


o 
OH Ao OH 


2,2-dimethylbutanoic acid 


(0) 


2,3-dimethylbutanoic acid 


OH 


2-ethylbutanoic acid 


o 1) xs LIAIH4 
aee E a E 
——————— MEME TEPRNES. ari 
OH  3)TsCl py oM 
4) -BuOK 
1) xs LIAIH4 
2) HO* t-BuOK 
Bum Tent PY ron 
OH! = OTs 


(c) Conversion of pentanoic acid to hexanoic acid 
requires the installation of an extra carbon atom. Two 
efficient solutions to this problem involve new C-C bond 
formation by Sn2 with cyanide or by the reaction of a 
Grignard reagent with CO». The first solution derives 
from the following retrosynthetic analysis. An 


explanation of each of the steps (a-d) follows. 
a 
OH BN 
eee = CN 
(0) l b 


Non. CES. SR US A 


M 


a. The desired product can be made via hydrolysis of a 
nitrile. 

b. The nitrile can be made from 1-bromopentane (via 
an Sn2 process). 

c. l-Bromopentane can be made from 1-pentanol 
(upon treatment with PBrs). 
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d. l-Pentanol can be made from pentanoic acid via 
hydride reduction. 


Now let's draw the forward scheme. Reduction of 
pentanoic acid gives l-pentanol. Treating this alcohol 
with PBr3 produces 1-bromopentane. Subsequent Sn2 
substitution with sodium cyanide installs an extra carbon 
atom, producing a nitrile, which can be hydrolyzed to the 
desired product under acidic conditions: 


o 1) xs LiAIHA 
SAK ah 
————- 
ou 3) PBrs cd: o 
4) NaCN 
5) HO", heat iS 
oe vo 
3 heat 
Buen 
PBrs Se NaCN 
Br 
20.42. 


(a) anti-Markovnikov addition of water (via 
hydroboration-oxidation) produces 1-pentanol, which is 
subsequently oxidized to pentanoic acid using a strong 
oxidizing agent. 


1) BH: THF 
NN = 
2) H202, NaOH OH 
3) Na;Cr207, 
H2504, H2O 
1) BH3: THF Na5Cr507, 
2) H202, NaOH H2504, HO 


NAAN SEE 


(b) Conversion of 1-bromobutane to pentanoic acid 
requires the installation of an extra carbon atom. This 
extra carbon atom can be installed via an Sn2 process in 
which bromide is replaced with cyanide, thereby 
converting the alkyl halide into a nitrile. Subsequent 


acid-catalyzed hydrolysis produces the desired 
carboxylic acid, pentanoic acid. 
1) NaCN VS 
Bre vx 
NN  2)H30*, heat OH 
NaCN en 430° 
Pee Oe heat 


Alternatively, treatment of the bromide with magnesium 
metal would generate a Grignard reagent. Subsequent 
reaction with CO», followed by aqueous workup, 
produces the desired pentanoic acid target compound. 


20.43. As discussed in Chapter 18, the methoxy group is 
electron-donating via resonance, but electron- 
withdrawing via induction. The resonance donation 
effect is stronger, but only significantly affects the 
acidity when the methoxy group is in an ortho or para 
position relative to the carboxylic acid. Note that in the 
third resonance structure for the conjugate base of the 
para derivative below, there is a negative charge next to 
the carboxylate group (a destabilizing effect). In 
contrast, none of the resonance structures of the 
corresponding meta derivative have this destabilizing 
feature, and as such, the conjugate base of the meta 
derivative is more stable than the conjugate base of the 
para derivative. In fact, the conjugate base of the meta 
derivative is even more stable than the conjugate base of 
benzoic acid, because of the electron-withdrawing 
inductive effect of the methoxy group (in the absence of 
strong resonance effects that are present in the ortho or 
para derivative). 


[6] O 
o9 o o9 
=P 
1 d 
[6] 
o9 D^ 99 
=> 
[2] 
E] 1 
EE O O 
o~ or 
<=> 
o 
[9] 
^9 ZO 
: ls 
o 
o? o9 
<=> 
o 
L_ 409 29e 
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(a) Reaction of hexanoyl chloride with an excess of ethyl 
amine produces the corresponding amide, where the 
chloride leaving group has been replaced with the 
nitrogen atom of the amine, as shown. 


PR 


| 
H 


(b) Reaction of hexanoyl chloride with an excess of 
LiAIHa, followed by aqueous acidic workup, reduces the 
carboxylic acid group to the corresponding primary 
alcohol. 


NN GG 


(c) Reaction of hexanoyl chloride with ethanol and 
pyridine produces the corresponding ester, where the 
chloride leaving group has been replaced with an ethoxy 


group. 
(0) 


PRRs 


(d) Reaction of hexanoyl chloride with water produces 
the parent carboxylic acid, where the chloride leaving 
group has been replaced with an OH group. 


(0) 


Pie Ge 


(e) Reaction of hexanoyl chloride with sodium benzoate 
produces the corresponding anhydride, where the 
chloride leaving group has been replaced with an oxygen 
atom of sodium benzoate, as shown. 


Oo i9] 


pop n 


(f) Reaction of hexanoyl chloride with excess ammonia 
produces the corresponding amide, where the chloride 
leaving group has been replaced with an NH2 group. 


(0) 


PRU 


(g) Reaction of hexanoyl chloride with lithium 
diethylcuprate produces a ketone, where the chloride 
leaving group has been replaced with the ethyl group 
from the diethylcuprate, as shown. 


2 


O 


p 


(h) Reaction of hexanoyl chloride with excess ethyl 
magnesium bromide, followed by aqueous acidic 
workup, produces a tertiary alcohol, where two new 
ethyl groups have been incorporated into the product. 
The first equivalent of ethyl magnesium bromide attacks 
the carbonyl group of the acid chloride to give a ketone 
(nucleophilic attack of EtMgBr, followed by loss of 
chloride). A second equivalent of ethyl magnesium 
bromide then attacks the carbonyl group of the ketone 
intermediate to produce an alkoxide ion, which is 
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subsequently protonated during aqueous acidic workup, 
to give the following tertiary alcohol. 


"T 
20.45. 


(a) Reaction with thionyl chloride converts a carboxylic 
acid into the corresponding acid chloride, shown here. 


oO 
Cr 
(b) A carboxylic acid is reduced to the corresponding 


alcohol upon treatment with LiAlHa, followed by 
aqueous acidic workup. 


Cy^w 


(c) Reaction with sodium hydroxide deprotonates the 
carboxylic acid to yield the sodium carboxylate. 


Oo 


(d) Reaction with ethanol and catalytic acid converts the 
carboxylic acid to the ethyl ester shown, via a Fischer 


esterification. 
Oo 
e 
20.46. 
(a) A carboxylic acid is reduced to the corresponding 


alcohol upon treatment with LiAIHa, followed by 
aqueous acidic workup. 


(0) 


Den 1) xs LIAIH, RB o 

+ 
OH 2) H30 OH 
(b) Reaction with thionyl chloride converts the 


carboxylic acid to the corresponding acid chloride. 
Subsequent reaction with excess dimethylamine converts 
the acid chloride to the corresponding N,N- 
dimethylamide. 
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(c) An amide is converted into the corresponding nitrile 
upon treatment with thionyl chloride. 


(d) Acid catalyzed hydrolysis of an ester gives a 
carboxylic acid. Subsequent reaction with acetyl chloride 
and pyridine causes an acetylation reaction that gives the 
following anhydride as the product. 


p 
pyridine 

(e) An ester is converted into an aldehyde upon treatment 
with DIBAH, followed by aqueous acidic workup. 

(f) Phenol serves as a nucleophile in this reaction. 
Phenol replaces the acetate leaving group on acetic 
anhydride resulting in the formation of a phenyl ester 


and acetic acid, as shown. This process is called an 
acylation reaction. 


c 


CH3COCI, 
pyridine 


_1)DIBAH .. 
2 Ho — 


O (0 


ue 
o ie 
O 


S 


(g) Diphenylamine serves as a nucleophile in this 
reaction. Diphenylamine replaces the chloride leaving 
group on acetyl chloride resulting in the formation of the 
N,N-diphenylamide, as shown. This process is called an 
acylation reaction. 


tae = 
oc 


(h) Acid-catalyzed hydrolysis of the cyclic ester 
(lactone) results in formation of a bifunctional molecule 
containing both a carboxylic acid group and a phenol 


group. 
O 


HaO* OH 
—————- 


OH 


20.47. 

(a) The new bond that forms as a result of a Fischer 
esterification is the o bond between the carbonyl group 
and the oxygen atom connected to it, as shown. Making 
this disconnection, it becomes evident that benzoic acid 
and phenol would produce the desired ester under acidic 


conditions. 
; 
- X ) 
O 
( \4 : T; 
OH 


(b) The new bond that forms as a result of a Fischer 
esterification is the o bond between the carbonyl group 
and the oxygen atom connected to it, as shown. Making 
this disconnection, it becomes evident that butyric acid 
and isopropanol would produce the desired ester under 
acidic conditions. 


x 


20.48. Oxidation of the primary alcohol gives the 
corresponding carboxylic acid (A). Reaction of A with 
thionyl chloride converts the carboxylic acid to the acid 
chloride (B). Reaction of B with excess ammonia 
produces the amide (C). Carboxylic acid (A) undergoes 
Fischer esterification upon reaction with ethanol and 


catalytic acid to produce the ethyl ester (D). Reaction of 
acid chloride B with a lithium trialkoxyaluminum 
hydride (followed by aqueous acidic workup) produces 
aldehyde F, which can also be made from ester D by 
reaction with DIBAH (E), followed by aqueous acidic 
workup. 


NasCr207 
H5SO4, H2O 
[e [HY [e 
< 
2 OFt HOH $ OH 
D A 
1) DIBAH 
E 
( ) 2) H3O0* | SOCLh 
[e [e 
(5 ( 1) LIAKOR)3H Ox 
m 
z 
H 21M9 Cl 
F B 
| xs NH 
OX 
NH; 
c 


20.49. 

(a) This transformation does not involve a change in the 
carbon skeleton. Only the identity of the functional 
group must be changed. To accomplish this 
transformation, the starting material can be treated with 
NaOH to give l-pentanol via an Sw2 reaction. 
Subsequent oxidation of the primary alcohol gives the 
desired carboxylic acid. 


Pw 1) NaOH Tm 
2) Na5Cr20;, 
H2SO4, H20 [e 
NaOH | 
OH Na5Cr20; 
PS 


(b) This transformation involves a change in the carbon 
skeleton (one extra carbon atom must be inserted), as 
well as a change in the identity and location of the 
functional group. To accomplish this transformation, the 
starting material can be treated with NaCN, thereby 
converting 1-bromopentane into hexanenitrile via an Sn2 
reaction. Subsequent acid catalyzed hydrolysis of the 
nitrile (upon treatment with aqueous acid) gives 
hexanoic acid. 
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TEC 1) NaCN OH 
Br 0) Ho, 
heat N Sj 
NaCN / d 
heat 
SS en 


Alternatively, treatment of the bromide with magnesium 
metal would generate a Grignard reagent. Subsequent 
reaction with CO», followed by aqueous workup, 
produces the desired pentanoic acid target compound. 


(c) First, 1-bromopentane can be converted into 
pentanoic acid in just two steps, as shown in the solution 
to part (a) of this problem. Then, treating this carboxylic 
acid with SOCH will give the desired acid chloride. 


1) NaOH 
— 


Br Cl 
2) Na5Cr5O5, 
H5SO,, H2O O 
NaOH SOCI 

3) ? | soo, 
p Na2Cr207 OH 

H2504, H20 di dan 

[9] 
(d) First, 1-bromopentane can be converted into 


hexanoic acid in just two steps, as shown in the solution 
to part (b) of this problem. Then, this carboxylic acid 
can be converted into an acid halide, followed by 
treatment with excess ammonia to give the desired 
product: 


1) NaCN 
Tum B ho, NT b d 

3 ; 

heat 
[9] 
| NaCN — a soci, | ete 
4) xs NH3 

NN 7eN 


(e) First, 1-bromopentane can be converted into 
pentanoic acid in just two steps, as shown in the solution 
to part (a) of this problem. This carboxylic acid can then 
be converted into an acid halide, followed by treatment 
with excess ammonia to give the desired product: 
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Do ee NH; 
2) Na;Cr507, A PE 
NaOH H2504, H20 Ó 
3) SOC? | xs NH3 
poU 4) xs NH3 
Cl 
Na5Cr3O5, CIS TUE 
H2504, H20 p oh fe) 
a d 
Oo 


(f) First, 1-bromopentane can be converted into 
hexanoic acid in just two steps, as shown in the solution 
to part (b) of this problem. Upon treatment with ethanol 
in acid-catalyzed conditions, the carboxylic acid can be 
converted into an ester via a Fischer esterification 
process: 


SES 1) NaCN OFt 
 2)H40", 
heat [9] 
NaCN 3) [H*], EtOH 
[H^], EtOH 
H + 
NON n OH 
CN hast Nd 4 
Ó 
20.50. 


(a) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-c) follows. 


OH 


a. The desired product can be made via a Grignard 
reaction between phenyl magnesium bromide and 
acetone. 

b. Phenyl magnesium bromide can be made from 
bromobenzene via insertion of magnesium. 

c. Bromobenzene can be made from benzene via 
bromination. 


Now let's draw the forward scheme. Benzene is 
converted into bromobenzene upon treatment with Br? 
and AIBr3 (via an electrophilic aromatic substitution 
reaction). Bromobenzene is subsequently converted into 
phenyl magnesium bromide, which is then treated with 


acetone (in a Grignard reaction), followed by aqueous 
acidic workup, to give the desired tertiary alcohol. 


. 1) Bra, AIBrs .— Bro, AlBra 

| .2Mg Mo 

3) 
Bro, mie 
AlBra 4) No 


2) H40* 


CY 


(b) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-e) follows. 


a. The desired amide can be made from the 
corresponding acid chloride (benzoyl chloride). 

b. Benzoyl chloride can be made from benzoic acid 
upon treatment with thionyl chloride. 

c. Benzoic acid can be made from the reaction 
between phenyl magnesium bromide and carbon 
dioxide. 

d. Phenyl magnesium bromide can be made from 
bromobenzene via insertion of magnesium. 

e. Bromobenzene can be made from benzene via 
bromination. 


Now let's draw the forward scheme. Benzene is 
converted into bromobenzene upon treatment with Bro 
and AlBrs (via an electrophilic aromatic substitution 
reaction). Bromobenzene is subsequently converted into 
phenyl magnesium bromide, which is then treated with 
carbon dioxide, followed by aqueous acidic workup, to 
give benzoic acid. Conversion to the acid chloride, 
followed by reaction with excess dimethylamine, yields 
the desired amide. 


[9] 
1) Bra, AlBrs 2 
2) Mg N 
3) CO; | 
4) H30* 
5) SOĊI, excess 
Bro, 6) excess (CH3)2NH 
AlBra (CH3)2NH ò 
c 0 
|M f soci 
[9] 
2) H30* 


As mentioned, there are many alternative solutions. For 
example, benzoic acid can be made from benzene via 
Friedel-Crafts methylation, followed by benzylic 
oxidation. 


(c) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-d) follows. 


a MgBr 
cr Br 


a. The desired carboxylic acid can be made from the 
reaction between a Grignard reagent and CO». 

b. The Grignard reagent can be made from the 
corresponding tertiary benzylic halide. 

c. The benzylic halide can be made from isopropyl 
benzene via benzylic bromination. 

d. Isopropylbenzene can be made from benzene via a 
Friedel-Crafts alkylation. 


Now let's draw the forward scheme. Benzene is 
converted into isopropyl benzene upon treatment with 2- 
chloropropane and a Lewis acid (via a Friedel-Crafts 
alkylation). Benzylic bromination replaces the benzylic 
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hydrogen atom with a bromine atom. Conversion to a 
Grignard reagent, followed by reaction with carbon 
dioxide and subsequent workup, gives the desired 


carboxylic acid. 
OH 
is T 
1) COs 


(CH3);CHCI, 2) H30* 


AICI, 
Br Mg 


1) (CH3)5CHCI, 
AlCl 
2) NBS, heat 
———————- 


3) Mg 
4) COs 
5) H3,0* 


NBS, 
heat 


(d) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-c) follows. 


Cr = O" Y 
WV 
Oc 


d. The desired amide can be made from aniline via an 
acylation reaction. 

b. Aniline can be made from chlorobenzene via an 
elimination-addition process. 

c. Chlorobenzene can be made from benzene via 
chlorination of the aromatic ring. 


Now let's draw the forward scheme. Benzene is 
converted into chlorobenzene upon treatment with Clo 
and AlCl; (via an electrophilic aromatic substitution 
reaction). Chlorobenzene is then converted to aniline via 
an elimination-addition reaction. Reaction with acetyl 
chloride (in the presence of pyridine) converts aniline to 
the desired amide. 
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AlCl sy Cly 
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NaNH;, ELLE LN 
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As mentioned, there are many alternative solutions. For 
example, aniline can be made from benzene via nitration 
(upon treatment with sulfuric acid and nitric acid), 
followed by reduction (with Zn and HCl). 


20.51. 

(a) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-c) follows. 


Ó 


a 
e 
=> + Etl 


WV 
MEE 


OA 


MgBr in 
+ 

| 

(0) 

a. The desired ester can be made from a reaction 

between the corresponding carboxylate ion and 

ethyl iodide (Sn2). 

b. The carboxylate ion can be made from the reaction 

between a Grignard reagent and CO». 


c. The Grignard reagent can be made from the 
corresponding secondary bromide. 


Now let’s draw the forward scheme. Bromocyclohexane 
is converted to a Grignard reagent, which subsequently 
reacts with carbon dioxide to produce a carboxylate ion. 
This anion then serves as a nucleophile in an Sn2 
reaction with iodoethane, giving the desired product. 


[e 
Br 
1) Mg dis 
2} CO, 
3) Etl 
| | EtI 
o 
MgBr 
CO? o. MIB: 


(b) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-c) follows. 


oo SN + FtCuli 


a. The desired ketone can be made from a reaction 
between an acid chloride and lithium 
diethylcuprate. 

b. The acid chloride can be made from the 
corresponding carboxylic acid. 

c. The carboxylic acid can be made from the 
corresponding primary alcohol via oxidation. 

Now let’s draw the forward scheme. The primary 
alcohol is oxidized to the carboxylic acid, and 
subsequently converted to the acid chloride upon 
treatment with thionyl chloride. Reaction with lithium 
diethylcuprate then produces the desired ketone. 


1) NasCro07, o 
On H2SO4, H2O 
2) SOCb 
3) EtyCuLi 
NasCro07, T 
H5SO4, H0 Et;CuLi 
[9] Ò 
ea: SOCh oe 
——————— 


(c) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-f) follows. 


a. The desired amide can be made via acetylation of 
the corresponding secondary amine. 

b. The secondary amine can be made via reduction of 
the corresponding amide. 

c. The amide can be made from the corresponding 
acid halide (upon treatment with excess methyl 
amine). 

d. The acid halide can be made from the 
corresponding carboxylic acid, upon treatment with 
thionyl chloride. 

e. The carboxylic acid can be made from the reaction 
between a Grignard reagent and CO». 

f. The Grignard reagent can be made from the 
corresponding secondary alkyl bromide. 


Now let's draw the forward scheme. Bromocyclohexane 
is converted to a Grignard reagent, which subsequently 
reacts with carbon dioxide to produce the carboxylic acid 
(after aqueous acidic workup). Conversion to the acid 
chloride, followed by reaction with excess methylamine, 
yields an intermediate amide. This intermediate is then 
reduced to the corresponding amine. Finally, reaction 
with acetyl chloride (in the presence of pyridine) 
produces the desired product. 
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2) CO; | 
3) H4O* 
4) SOCI; ie) 
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(d) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-b) follows. 


oO 
a 
=>> CN 
bo + EtMgBr 
|: 
k ud 


a. The desired ketone can be made from the reaction 
between a Grignard reagent and a nitrile. 

b. The nitrile can be made from the corresponding 
primary bromide via an Sn2 process. 


Now let's draw the forward scheme. Reaction of 1- 
bromo-3-methylbutane with sodium cyanide produces 
the nitrile, which is subsequently converted to the 
desired ketone upon treatment with ethyl magnesium 
bromide, followed by aqueous acid, as shown. 


1) NaCN 


Br ————— 
bs 2) EtMgBr 


3) HO" 


NaCN p sues 1) EtMgBr 
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20.52. A methoxy group is electron-donating, thereby making the carbonyl group more electron-rich and decreasing 
the electrophilicity of the ester group. A nitro group is electron-withdrawing, thereby making the carbonyl group even 
more electron-deficient and increasing the electrophilicity of the ester group. 


20.53. The reagents for each of these transformations can be found in Figure 20.11. 


ita 


C" 


pyridine xs 1) LiA(OR)3H 
NH; 2) H30* 


A, 


1) DIBAH 
2) H30* 


NH3 


20.54. There are certainly many acceptable solutions to this problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the steps (a-d) follows. 


oH c MgBr d Br 
CURES cr 
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The desired amide can be made from the corresponding acid halide (upon treatment with excess diethylamine). 
The acid halide can be made from the corresponding carboxylic acid, upon treatment with thionyl chloride. 
The carboxylic acid can be made from the reaction between a Grignard reagent and CO». 

The Grignard reagent can be made from the starting material, via insertion of magnesium. 


Ro TR 


Now let's draw the forward scheme. Conversion of meta-bromotoluene to a Grignard reagent, followed by reaction 
with carbon dioxide and subsequent acidification, produces meta-methylbenzoic acid. The carboxylic acid is converted 
to the acid chloride, which then reacts with excess diethylamine to produce the desired amide, DEET. 


O 
Br 1) Mg 
2) CO; N^ 
——————————— 
3) HjO* Ke 
4) SOC, 
5) xs EtpNH 
Mg xs EGNH 


MaBr 
g Dco _S0Ch 
2) Ho 


20.55. The carbonyl group of diphenyl carbonate has two phenoxide groups attached to it. Each of these groups can 
serve as a leaving group in a nucleophilic acyl substitution reaction. Accordingly, the first equivalent of methyl 
magnesium bromide replaces one phenoxide leaving group in the first two steps of the mechanism (nucleophilic attack, 
followed by loss of the leaving group) to produce an ester intermediate. The second equivalent of methyl magnesium 
bromide then replaces the second phenoxide group in an analogous manner (nucleophilic attack, followed by loss of the 
leaving group) to produce a ketone intermediate (acetone). A third equivalent of methyl magnesium bromide then 
attacks the carbonyl group of the ketone to produce tert-butoxide. Workup with aqueous acid (H3O") protonates tert- 
butoxide, as well as the phenoxide ions, giving tert-butanol and two equivalents of phenol. 


OH 
Tu 1) excess MeMgBr " OH 
=_e + 
O 2) H0* AM 
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20.56. A mechanism for this reaction is shown below, in which the isotopically labeled '8O atom is highlighted with a 
gray box. Protonation of the carbonyl group activates it toward nucleophilic attack by !'5OH». Two successive proton 
transfers are followed by expulsion of the non-labeled oxygen atom (as a leaving group, H2O). The loss of water from 
the charged tetrahedral intermediate is assisted by either one of the attached hydroxyl groups, leading to the labeled 
oxygen atom being in either position of the final product (after a final deprotonation step). 


H^Ó^H 
o Ve, ue aU H 
A Aa — ae 
OH OH "x 
or 
OH H 


20.57. 

(a) An alcohol (ROH) is used as a representative nucleophile in the mechanism below, which has six steps: 1) 
nucleophilic attack, 2) loss of a leaving group, 3) proton transfer, 4) nucleophilic attack, 5) loss of a leaving group and 
6) proton transfer. ROH attacks the carbonyl group of phosgene to form a tetrahedral intermediate which subsequently 
expels a chloride ion. A proton transfer produces the neutral, monochlorinated intermediate shown below. A second 
round of these three steps (nucleophilic attack by ROH, loss of chloride and proton transfer) results in the overall 
substitution of the second chloride ion with the oxygen atom from the alcohol, thereby producing a carbonate ester, as 
shown. 


px NS 
O ZOS :0: o o 
—————— 7 See @_H 
cl Cl "E Cl OS 
Cl R R 


(b) The molecule below is produced from two acyl 
substitution reactions between phosgene and ethylene 
glycol via a mechanism analogous to the one in part (a) 
above. In this case, the second nucleophilic attack (step 
4) is an intramolecular reaction, leading to the cyclic 
product shown here. 


(c) Excess phenyl magnesium bromide reacts with 
phosgene to produce a tertiary alcohol (shown below), 
which results from the incorporation of three molar 
equivalents of the Grignard reagent. The first equivalent 
attacks the carbonyl group to produce a tetrahedral 
anionic intermediate; subsequent expulsion of a chloride 
ion gives an acid chloride intermediate. Likewise, a 
second equivalent of the Grignard reagent attacks the 
carbonyl group, producing a second anionic tetrahedral 
intermediate. Subsequent expulsion of a chloride leaving 
group gives a ketone intermediate, which is attacked by a 
third equivalent of phenyl magnesium bromide. 
Protonation of the resulting alkoxide ion (upon workup 
with aqueous acid) gives the tertiary alcohol, shown 
here. 


20.58. 
(a) Hydrolysis of an ester group produces an alcohol and 
a carboxylic acid. 


As such, hydrolysis of fluphenazine decanoate releases 
the hydrophobic chain as a carboxylic acid, giving the 


following primary alcohol: 
on 


OH 


iad 


N 
S 
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(b) The by-product of the reaction is a carboxylic acid 
containing ten carbon atoms. The “e” at the end of the 
parent alkane name (decane) is replaced with the suffix 
*-oic acid" to give the IUPAC name decanoic acid. 


Ede Qd 
(6) 
decanoic acid 


20.59. There are certainly many acceptable solutions to 
this problem. One such solution derives from the 
following retrosynthetic analysis. An explanation of 
each of the steps (a-d) follows. 


a. The ester can be made via acylation of the 
corresponding alcohol (benzyl alcohol). 

b. The alcohol can be made from the reaction between 
phenyl magnesium bromide and formaldehyde. 

c. Phenyl magnesium bromide can be made from 
bromobenzene, via insertion of magnesium. 

d. Bromobenzene can be made from benzene via 
bromination of the aromatic ring. 


Now let’s draw the forward scheme. Benzene is 
converted into bromobenzene upon treatment with Bro 
and AIBr3 (via an electrophilic aromatic substitution 
reaction). Bromobenzene is then converted to phenyl 
magnesium bromide (a Grignard reagent), which is then 
treated with formaldehyde, followed by aqueous acidic 
workup, to give benzyl alcohol. This alcohol then serves 
as a nucleophile in a subsequent acyl substitution 
reaction with acetyl chloride and pyridine to produce 
benzyl acetate (a process called acylation). 
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A 20.60. Hydrolysis of aspartame hydrolyzes both the 

ue AIBra amide group and the ester group in the molecule. 
bod Hydrolysis of the ester group produces methanol and 

S OG the carboxylic acid group in phenylalanine, shown 

4) H30* below. Hydrolysis of the amide group converts this 

5) CH3COCI, pyridine 7n group to an amine (highlighted in phenylalanine) and a 

Bro, Cl carboxylic acid (highlighted in aspartic acid). Note that 
AIBr3 pyridine the stereochemistry at both chiral centers is retained 


because none of the bonds to the chiral centers are 


: „Br [m broken in this transformation. 
o D 
NH; O 
MgBr 1) H T on. H 3. ^. 
(J B 


2) H30* 


phenylalanine aspartic acid 


20.61. 

(a) The mechanism shown below has three steps: 1) nucleophilic attack, 2) loss of a leaving group and 3) proton 
transfer. Phenol serves as a nucleophile in the first step, attacking the carbonyl group of the acid chloride to produce a 
tetrahedral intermediate. Reformation of the carbonyl group and expulsion of the leaving group (chloride) produces a 
cationic intermediate which is subsequently deprotonated by pyridine to give an ester. 


au. CN 
o 2o: "a n 63 i 
Z Pn Ph 


Ph (0) 

(b) The first part of this reaction (saponification) has three mechanistic steps: 1) nucleophilic attack, 2) loss of a leaving 
group and 3) proton transfer. The first step (nucleophilic attack) requires two curved arrows, which show hydroxide 
functioning as a nucleophile and attacking the electrophilic carbonyl group, resulting in an anionic tetrahedral 
intermediate. In step two (loss of a leaving group), the carbonyl group is reformed with loss of an alkoxide ion, 
resulting in opening of the ring and formation of a carboxylic acid. In the third step (proton transfer), hydroxide 
deprotonates the carboxylic acid intermediate, resulting in the formation of a carboxylate ion. This third step (in which 
a strong base deprotonates the carboxylic acid) is the driving force of the reaction. Subsequent workup with aqueous 
acid protonates the alkoxide and the carboxylate ion, regenerating the carboxylic acid. 


o Q 
e "AE A Te) OH P. 5 
O GO RAAS 
H 
ody op 
H 


adh 
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(c) The first part of this reaction (saponification) has three mechanistic steps: 1) nucleophilic attack, 2) loss of a leaving 
group and 3) proton transfer. The first step (nucleophilic attack) requires two curved arrows, which show hydroxide 
functioning as a nucleophile and attacking the electrophilic carbonyl group, resulting in an anionic tetrahedral 
intermediate. In step two (loss of a leaving group), the carbonyl group is reformed with loss of an alkoxide ion, 
resulting in opening of the ring and formation of a carboxylic acid. In the third step (proton transfer), hydroxide 
deprotonates the carboxylic acid intermediate, resulting in the formation of a carboxylate ion. This third step (in which 
a strong base deprotonates the carboxylic acid) is the driving force of the reaction. Subsequent workup with aqueous 
acid protonates the alkoxide and the carboxylate ion, regenerating the carboxylic acid. 


iE zc h » OH 
pr cm 02 
OP `H 


:OH 
H H qo e o 
N N O: 
oH ®O-H oH Dan o 
H H 
OH OP o? 
fe) O fe) 


(d) The mechanism shown below has six steps: 1) nucleophilic attack, 2) loss of a leaving group, 3) proton transfer, 4) 
nucleophilic attack, 5) loss of a leaving group and 6) proton transfer. Hydrazine (NH2NH») has two nucleophilic centers 
(each nitrogen atom has a lone pair), each of which can attack an acid chloride group. In the first step, hydrazine attacks 
one of the acid chloride groups to form a tetrahedral intermediate which subsequently expels a leaving group (chloride). 
Pyridine then functions as a base and removes a proton, giving an intermediate that bears no formal charges. 
Subsequent intramolecular nucleophilic attack by the second nitrogen atom on the second acid chloride group, followed 
by loss of chloride, results in an intermediate that is deprotonated to give the product. Once again, pyridine functions 
as the base for deprotonation. 
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(e) The mechanism shown below has five steps: 1) nucleophilic attack, 2) loss of a leaving group, 3) nucleophilic 
attack, 4) proton transfer and 5) proton transfer. In the first step (nucleophilic attack), the anionic carbon atom of ethyl 
magnesium bromide serves as a nucleophile and attacks the electrophilic carbonyl group, resulting in a tetrahedral 
intermediate. In step two (loss of a leaving group), the carbonyl group is reformed with loss of an alkoxide ion, 
resulting in opening of the ring. In step three (nucleophilic attack) a second equivalent of the Grignard reagent attacks 
the carbonyl intermediate to produce a dianion. 


el | m 
4 9 
n :C—C—H oral :C—C—H 
p ru. rr di S 
O GO —— 95 2 Th E 


After the reaction is complete, a proton source is introduced into the reaction flask, thereby protonating the dianion. 
Each anion is protonated separately, so two separate steps are required. 


H H 


| 
© e 
OX O.. 49x 
"a es HOH "Nu HO 
DE oe EN ee p 


20.62. The three chlorine atoms withdraw electron density via induction. This effect renders the carbonyl group more 
electrophilic, and thus more reactive toward hydrolysis. 
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20.63. When treated with aqueous acid, each of the C—O bonds (on either side of the carbonyl group) is expected to 
undergo cleavage via an acid-catalyzed nucleophilic acyl substitution reaction. This produces a diol, shown below: 


O HaO* OH 
=o ———* + CO 
heat 
o - OH 
20.64. 


(a) When treated with aqueous acid, the protecting group on the carboxylic acid is removed, giving the active drug 
shown below. Note that the configuration of each chiral center is conserved, because the bonds to those chiral centers 


were not involved in the reaction. 
NH; H 
N S 
o 3 
A 


O OH 
(b) The active drug is ampicillin, as indicated in the BioLinks box. 


20.65. Hydrolysis of the ester groups in Dexon results in cleavage of the bonds indicated by the arrows in the figure 
below. This results in the formation of glycolic acid. The IUPAC name is based on a parent carboxylic acid called 
acetic acid, with indication of an alcohol (hydroxy group) at C2. Since acetic acid only has one location that can bear a 
substituent, a locant is not required to indicate the position of the OH group. The IUPAC name is thus hydroxyacetic 
acid (or hydroxyethanoic acid). 


iS iS) OH 
So. Jl; loul 2 hydrolysis Ho 
X / oT ; din ———- 

Q D o 
Ò Ò 


(glycolic acid) 
hydroxyacetic acid 


20.66. Each of the monomers bears two identical functional groups. The first monomer has two acid chloride groups, 
each of which can serve as an electrophile in the polymerization reaction. The second monomer has two OH groups, 
each of which can serve as a nucleophile. Reaction of the two monomers thus produces the polymer below via a series 
of nucleophilic acyl substitution reactions. The monomeric origins of each section of the polyester polymer are 


highlighted below. 
(0) (0) 
(0) (0) 
(0) (0) 


20.67. A retrosynthetic analysis of the polymer is shown below, where each of the bonds made during polymerization 
is indicated by an arrow. Each of these bonds can be made from a nucleophilic acyl substitution reaction between an 
amine and an acid chloride. Reaction of one monomer (bearing two electrophilic acid chloride groups) with the other 
monomer (bearing two nucleophilic amino groups) will produce the desired polymer. 


O oO O 
we — $i 
ME ie 
N N N N + H-N NH 
H H H H 


20.68. meta-Hydroxybenzoyl chloride (structure below) has a nucleophilic center (the OH group) as well as a strong 
electrophilic center (the acid chloride group) in a single molecule, thus making it susceptible to facile polymerization 
via the mechanism below. Each nucleophilic acyl substitution reaction has three steps: 1) nucleophilic attack, 2) loss of 
a leaving group and 3) proton transfer. In the first step (nucleophilic attack), the phenol oxygen atom of one molecule 


(0) 
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attacks the electrophilic carbonyl group on a second molecule resulting in the formation of a tetrahedral intermediate. A 
chloride leaving group is expelled in step 2 (loss of a leaving group), along with reformation of the carbonyl group. A 
proton transfer gives an intermediate that does not bear any formal charges. This intermediate (like the reactant) has a 
nucleophilic center (phenol oxygen atom) and a strong electrophilic center (the acid chloride group), thus allowing 
further reactions via an analogous pathway to produce a polymer. 


o ie N- Cl 
HO & oy HO ‘Oe Se, 
| 


20.69. o RA 
(a) There are certainly many acceptable solutions to this 1) SOCh Oo © 
problem. One such solution derives from the following OH 2) EtsCuLi 
retrosynthetic analysis. An explanation of each of the —————— 
steps (a-c) follows. 3) HOCH;2CH;OH, 
[H*], -H20 
f Oo HOCH2CH20H, 
(0) (0) SOCl [H*], -H20 
a 
=> O 
NO Cl EtsCuLi 
— > 
[9] [9] 
OH £ CI 
= (b) There are certainly many acceptable solutions to this 


problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
a. The desired cyclic acetal can be made from the steps (a-d) follows. 
corresponding ketone (via acetal formation). 
b. The ketone can be made from benzoyl chloride, 
upon treatment with lithium diethylcuprate. 
c. The acid halide can be prepared from benzoic acid. = + CHaNH» 


c 


Now let's draw the forward scheme. Benzoic acid is 


QT 
converted to benzoyl chloride upon treatment with 


[9] 
thionyl chloride. Subsequent reaction with lithium OH Cl 
diethylcuprate installs an ethyl group, giving a ketone. = 
An acid-catalyzed reaction with ethylene glycol (with d 
removal of water) produces the desired cyclic acetal. N S 


Cy 


a. The desired imine can be made from the 
corresponding aldehyde. 

b. The aldehyde can be made from the corresponding 
acid chloride, upon treatment with LiAl(OR)sH, 
followed by aqueous acidic workup. 

c. The acid chloride can be prepared from the 
corresponding carboxylic acid, upon treatment with 
thionyl chloride. 

d. The carboxylic acid can be made via hydrolysis of 
the starting amide. 


Now let’s draw the forward scheme. Acid catalyzed 
hydrolysis of the amide gives a carboxylic acid which is 
then converted to the acid chloride upon treatment with 
thionyl chloride. Reaction with a lithium 
trialkoxyaluminum hydride, followed by aqueous acidic 
workup, produces the aldehyde. Subsequent treatment of 
the aldehyde with methylamine under acid-catalyzed 
conditions (with removal of water) gives the desired 
imine. 


o 
1) H30*, heat SD 
NH; — 2)SOCl E 
C SYLAMORXH 
3) LIA (OR) 
4) H30* 
HsO* 5) [H°], [H*], 
heat BEBNES HOO a -H20 
o 
OH on 
o 
SOCI2 1) LiA(OR)SH 


2) H30* 


(c) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-d) follows. 


a. The desired amide can be made from the 
corresponding acid halide upon treatment with 
excess dimethylamine. 
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b. The acid halide can be made from the 
corresponding carboxylic acid, upon treatment with 
thionyl chloride. 
c. The carboxylic acid can be prepared via hydrolysis 
of an ester. 


d. The ester can be made from the starting ketone via a 
Baeyer-Villiger oxidation. 


Now let's draw the forward scheme. Baeyer-Villiger 
oxidation of the starting ketone achieves the insertion of 
an oxygen atom between the carbonyl group and the 
more substituted alkyl group, thereby giving an ester. 
Acid-catalyzed hydrolysis of the ester gives butyric acid, 
which is then converted to the acid chloride upon 
treatment with thionyl chloride. The acid chloride is then 
converted into the desired product upon treatment with 


excess dimethylamine (via a nucleophilic acyl 
substitution reaction). 
1) RCO3H 
2) ELS i 
^3)005 Sr Set 
4) xs (CH3)9NH | 


Xs (CH3);NH 


o 
pee SOCI; 
HO 


(d) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-d) follows. 


M s ? 
pu EL M T 
n 
O O 
Pie = md 


fe] d 


pe T 


a. The cyclic thioacetal can be made from the 
corresponding aldehyde. 

b. The aldehyde can be made from the corresponding 
acid halide, upon treatment with LiAl(OR):H, 
followed by aqueous acidic workup. 
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c. The acid halide can be made from the 
corresponding carboxylic acid, upon treatment with 
thionyl chloride. 

d. The carboxylic acid can be made from the starting 
ester via hydrolysis. 


Now let’s draw the forward scheme. The ester 
undergoes hydrolysis upon treatment with aqueous acid, 
giving butyric acid, which is subsequently converted to 
an acid chloride upon treatment with thionyl chloride. 
Reaction with a lithium trialkoxyaluminum hydride 
produces an aldehyde, which is then converted into the 
desired cyclic thioacetal. 
ap 


o 
1) HO* S 
————À 
VR ae 2) SOC PLS, 
o 


gU 


(e) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 


steps (a-c) follows. 
O a 
OX 2 OX 
© 
V 


(0) 

H 
2 (0) A 2 (0) 
OH Cl 
a. The cyclic acetal can be made from the 
corresponding aldehyde (benzaldehyde) via acetal 

formation. 

b. Benzaldehyde can be made from the corresponding 
acid halide (benzoyl chloride), upon treatment with 


LiAI(OR):H, followed by aqueous acidic workup. 
c. Benzoyl chloride can be made from benzoic acid. 


3) LiAI(OR)3H 

4) H0“ HSCHCH2SH, 

5) HSCHeCH2SH, [H*], -H20 
[H*], -H20 l 


peu 


1) LiAN(OR)H 
€ 2 H30" 


Now let's draw the forward scheme. Benzoic acid is 
converted to benzoyl chloride upon treatment with 
thionyl chloride. Benzoyl chloride is then converted into 
an aldehyde upon treatment with a lithium 
trialkoxyaluminum hydride. The aldehyde is then treated 
with ethylene glycol under acid-catalyzed conditions 
(with removal of water), giving the desired cyclic acetal. 


o 
JN ( 1) SOC; " o 
= 2) LIAKOR)3H 
OH 3) H,0* o 
4) HOCH;CH50H, 
SOCIL [H*], -H20 HOCH5;CH;OH, 
[H*], -H20 
o 
(A 1) LIAK(OR)3H CS 
2) H30* 
ci ) H3 c 


(f) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 


steps (a-c) follows. 
a 


a 


=> 
[9] 


OH 
on! 
[e 
[^ 
e 
ÓH O 

a. The carboxylic acid can be made from an ester, via 

hydrolysis. 
b. The ester can be made from a ketone via a Baeyer- 

Villiger oxidation. 


The ketone can be made from the starting material 
via oxidation of the starting alcohol. 


^ 


Now let's draw the forward scheme. Oxidation of a 
secondary alcohol with DMP (or PCC or Swem 
conditions) gives a ketone, which is then converted into 
an ester via a Baeyer-Villiger oxidation (this process 
inserts an oxygen atom between the carbonyl group and 
the more substituted alkyl group). Finally, acid-catalyzed 
hydrolysis of the ester gives the desired carboxylic acid. 


1) DMP or 
————————— 
OH 2) RCO3H S 


3) HO* 
| DMP | H,0* 
a 
RCO3H 
O [0] 


(g) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of both steps 
follows. 


ane ee 
|) 
[>° 


oO 


a. The product is a cyclic acetal, which can be made 
from a diol and a ketone (via acetal formation). 

b. The diol can be made from the starting material via 
reduction with excess LiAlHa. 


Now let's draw the forward scheme. Reduction of the 
cyclic ester (lactone) with excess LiAIH4, followed by 
aqueous acidic workup, causes the ring to open, giving 
1,4-butanediol. This diol can then be treated with acetone 
under acid-catalyzed conditions (with removal of water) 


to give the desired cyclic acetal. 
9 
v 3) pu C = 
Oo 
25 
[H*], -H20 


1) excess LIAIH, 
2) H30* 


oo 


[H*], -H20 


1) xs. LiAIH, 
2) H30* 


NN NH 
HO 


20.70. The correct answer is (c). An ester will react 
with two equivalents of lithium aluminum hydride to 
give a diol, so we can rule out options (a) and (b). 
Between the remaining two options, (c) has the correct 
skeleton, which we can see more easily if we assign 
numbers to the skeleton, and then track the location of 
the methyl groups: 


2 2 
1 1) xs LiAIH 1 
See ee 
4O ) Hs 4 70H 
20.71. The correct answer is (d) A Fischer 


esterification requires a carboxylic acid and an alcohol, 
so we can rule out options (a) and (c). Additionally, (b) 
has too many carbon atoms (3 5 — 8); the product has 
only seven carbon atoms, leading to the following 
starting materials: 


I: Peeples, oo e de 
Su HO Ss 


20.72. Option (d) is the correct answer because a 
negatively charged nitrogen atom is too strongly basic to 
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be formed in acidic conditions. The other three 
structures (a-c) are all intermediates in the expected 
mechanism for an acid-catalyzed amide hydrolysis. 


20.73. The correct answer is (b). An ester is named by 
indicating the alkyl group (in this case, 2-methylpropyl) 
attached to the oxygen atom of the ester, followed by the 
parent name of the corresponding carboxylic acid in 
which the “ic acid” is replaced by “ate”. That is, the 


parent carboxylic acid (butanoic acid) becomes 
butanoate: 
EK 13 
2-methylpropyl butanoate 
20.74. The correct answer is (a). The other three 


choices are intermediates in the mechanism of the 
reaction of MeMgBr with the given ester, as shown 


below: 
1) MeMgBr 
OMe (2 equiv.) OH 
Pry Ph 
e. 2) H30* 


20.75. The correct answer is (c) The required 
transformation extends the carbon chain by one carbon 
atom, so synthesis II (epoxide ring opening reaction) 
fails because it adds two carbon atoms to the carbon 
chain. Synthesis I (Grignard reaction with carbon 
dioxide) and synthesis III (substitution with cyanide, 
followed by hydrolysis) both successfully install one 
additional carbon atom and give a carboxylic acid 
product, as shown here: 
O 


Ph. Age __, (Ph oe vw 
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20.76. The correct answer is (b). Reaction with thionyl 
chloride converts a carboxylic acid into the 
corresponding acid chloride, shown here. 


O O 
SOC; 


20.77. The correct answer is (a). Of the functional 
groups given, the anhydride is the best electrophile, and 
the amide is the worst electrophile. The anhydride is a 
good electrophile because it has a minor amount of 
resonance donation by the oxygen atom lone pair 
(delocalized over two carbonyl groups), and it has an 
excellent leaving group (a  resonance-stabilized 
carboxylate). The amide carbonyl is the least 6+ (and 
therefore the least electrophilic) because there is a 
significant amount of resonance donation involving the 
lone pair on the nitrogen atom. The reactivity of both the 
ester and the carboxylic acid falls somewhere in between 
the two extremes of the anhydride and the amide. 


Oo 
O 
[9] 
9 Pn JL 
NH2 


best electrophile worst electrophile 


O 
JLA A 
OEt Ho 


20.78. There are certainly many acceptable solutions to 
this problem. One such solution derives from the 
following retrosynthetic analysis. An explanation of 
each of the steps (a-d) follows. 


OH OH 


Cl Cl Z 
d 
| ] NO 
| 
NOs 
a. The product can be made via acylation of para- 


aminophenol (using either acetic anhydride or 
acetyl chloride). 


b. para-Aminophenol can be made from para- 
nitrophenol via reduction of the nitro group. 

c. para-Nitrophenol can be made from para- 
chloronitrobenzene via an SNAr process. 

d. para-Chloronitrobenzene can be made via the 
nitration of chlorobenzene. 

e. Chlorobenzene can be made from benzene via 
chlorination of the aromatic ring. 


Now let's draw the forward scheme. Benzene is 
converted into chlorobenzene via an electrophilic 
aromatic substitution (upon treatment with Cl» and 
AICls). The chlorine substituent is an ortho-para 
director, thus allowing subsequent nitration to install a 
nitro group in the para position. This intermediate 
exhibits a leaving group (chloride) that is para to a 
strong electron withdrawing group (nitro), so this 
compound is susceptible to nucleophilic aromatic 
substitution upon treatment with hydroxide, to produce 
para-nitrophenol (after acid workup). Subsequent 
reduction of the nitro group with zinc and HCl gives 
para-aminophenol. Exposure to one molar equivalent of 
acetic anhydride produces the desired product, 
acetaminophen. Note that the nitrogen atom of para- 
aminophenol is a stronger nucleophile than the oxygen 
atom, thus allowing the appropriate selectivity for 
production of the desired product. 


1) Cl, AICI; 
2) HNO3, H2SO4 
3) NaOH 

4) HO* 

5) HCl, Zn 

GEG, o 


À. 


OH 


N ZO 
EO 


Ch, AICI; Ay. 3s 
Peo. 
Cl OH 
NH 
Cl : 
HNOs, 1) NaOH 
H5S0, 2) H30* 
3) HCl, Zn 
NO; 
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20.79. 
(a) There are certainly many acceptable solutions to this problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the steps (a-f) follows. 


b 
OH a ~~ MgBr = NBr 
Weser. XE Y 
o [^ 
d 
p i A9 ERE A aan CH3CN 


The desired alcohol can be made from a Grignard reaction between acetaldehyde and ethyl magnesium bromide. 
Ethyl magnesium bromide is made from ethyl bromide, by insertion of magnesium. 

Ethyl bromide can be made from ethanol upon treatment with PBrs. 

Acetaldehyde can be made from ethanol via oxidation with PCC. 

Ethanol can be made via reduction of acetic acid. 

Acetic acid can be made via hydrolysis of acetonitrile. 


We RO TR 


Now let's draw the forward scheme. Hydrolysis of acetonitrile gives acetic acid which is subsequently reduced to 
ethanol upon treatment with excess LiAIHa, followed by aqueous acidic workup. Upon treatment with PBrs, ethanol is 
converted to ethyl bromide which is then converted to ethyl magnesium bromide (a Grignard reagent). A Grignard 
reaction with acetaldehyde (produced by oxidation of ethanol with PCC or DMP or Swern conditions), followed by 
aqueous acidic workup, produces the desired alcohol, 2-butanol. 


PCC 
H30* O 1) xs LiAIH, PBrs 
CH3CN | ————— RUN EE 
OH — 2) H30* Mon 2m 
1) Mg 
o 
2 JL 
H 
3) H30* 
OH 


(b) There are certainly many acceptable solutions to this problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the steps (a-g) follows. 


BrMg Nœ 
——> + 
xo as H 6 c OH 4 
oO [o] | 


h Oo g f 
CHCN <= E SS d. EQ 
OH 


O=0=0 
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a. The desired alcohol can be made from a Grignard reaction between propanal and ethyl magnesium bromide 
(formed in step d). 

b. Propanal can be made from 1-propanol, upon treatment with PCC (or DMP or Swern conditions). 

c. l-Propanol can be made from propanoic acid, upon treatment with excess LiAIH4, followed by aqueous acidic 
workup. 

d. Propanoic acid can be made from a reaction between ethyl magnesium bromide and carbon dioxide. 

e. Ethyl magnesium bromide is made from ethyl bromide, by insertion of magnesium. 

f. Ethyl bromide can be made from ethanol upon treatment with PBrs. 

g. Ethanol can be made via reduction of acetic acid. 

h. Acetic acid can be made via hydrolysis of acetonitrile. 


Now let’s draw the forward scheme. Hydrolysis of acetonitrile gives acetic acid which is subsequently reduced to 
ethanol upon treatment with excess LiAIHa, followed by aqueous acidic workup. Upon treatment with PBrs, ethanol is 
converted to ethyl bromide which is then converted to ethyl magnesium bromide (a Grignard reagent). A Grignard 
reaction with carbon dioxide, followed by protonation with H30*, gives propanoic acid. This acid is converted into 
propanal via reduction (with excess LiA1H4) followed by oxidation with PCC (or DMP or Swern conditions). Reaction 
with ethyl magnesium bromide (prepared as described above), followed by aqueous acidic workup, gives the desired 
alcohol, 3-pentanol. 


ERN H4O* p 1) xs LiAIH4 PBr3 
= = ——————— 
E heat oH 2 H0o' MoH m 
1) Mg 
Mg 2) CO; 
3) H40* 


= 1) EtMgBr poe 1) xs LiAIH4 OH 
db ds 2) HzO" 2) H0* dad 


OH e 3) PCC e 


(c) The desired product can be made from the product of 20.79(a) in just two steps. Therefore, we would first perform 
the synthesis described in the solution to 20.79(a), followed by these two reactions: 


"s NasCr,0> UN 1) EtMgBr OH 
——————- ——————- 
H4SO4, H9O 2) H30* v 


(d) There are certainly many acceptable solutions to this problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the steps (a-g) follows. 


An =" oe Ww 
gBr 


(2 equiv.} 
| b 
r > ~~MgBr + 
9j 
| à 


e f 
MAr UE Aoun => 


O=0=0 


ie) g 
=> CH4CN 
OH 
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R 


The desired alcohol can be made from a Grignard reaction between propanoyl chloride and two equivalents of 
ethyl magnesium bromide (formed in step d). 

Propanoyl chloride can be made from propanoic acid, upon treatment with thionyl chloride. 

Propanoic acid can be made from a reaction between ethyl magnesium bromide and carbon dioxide. 

Ethyl magnesium bromide is made from ethyl bromide, by insertion of magnesium. 

Ethyl bromide can be made from ethanol upon treatment with PBrs. 

Ethanol can be made via reduction of acetic acid. 

Acetic acid can be made via hydrolysis of acetonitrile. 


(Q8 RD T 


Now let's draw the forward scheme. Hydrolysis of acetonitrile gives acetic acid which is subsequently reduced to 
ethanol upon treatment with excess LiAIHa, followed by aqueous acidic workup. Upon treatment with PBrs, ethanol is 
converted to ethyl bromide which is then converted to ethyl magnesium bromide (a Grignard reagent). A Grignard 
reaction with carbon dioxide, followed by protonation with H30*, gives propanoic acid. Conversion to the acid 
chloride, followed by reaction with excess ethyl magnesium bromide (prepared as described above) produces the 
desired tertiary alcohol, 3-ethyl-3-pentanol. 


Ha3O* 1) xs LiAIH, PBrs 
heat OH 2) H30 OH Br 
1)M 
Mg s 
2) CO; 
3) H40* 
1) xs EtMgBr CI SOCI; OH 
Te Sn — 
2) H30* <i 
OH [e Ó 


20.80. The mechanism shown below has 12 steps: 1) proton transfer, 2) loss of a leaving group, 3) nucleophilic attack, 
4) proton transfer, 5) proton transfer, 6) loss of a leaving group, 7) proton transfer, 8) nucleophilic attack, 9) proton 
transfer, 10) proton transfer, 11) loss of a leaving group and 12) proton transfer. In step 1 (proton transfer), one of the 
acetal oxygen atoms is protonated by H3O', activating it as a leaving group (either oxygen atom can be protonated, 
which will ultimately lead to the same product). In step 2, an alcohol group leaves as a leaving group. Water then 
attacks the activated carbonyl group in step 3 (nucleophilic attack). In step 4 (proton transfer), water deprotonates the 
cationic oxygen atom, and in step 5 (proton transfer), the other oxygen atom in the hemiacetal is protonated by H3O*, 
producing a cationic intermediate. In step 6, an alcohol serves as a leaving group. Protonation of the carbonyl group 
(step 7, proton transfer) activates this carbonyl group for intramolecular attack by one of the tethered alcohol groups 
(step 8, nucleophilic attack), thus forming a ring (a five-membered ring is more likely formed than a more strained, 
four-membered ring). Deprotonation by water (step 9, proton transfer) followed by protonation by H30* (step 10, 
proton transfer) produces a cationic intermediate with an activated leaving group (water). In step 11, water serves as a 
leaving group. In step 12 (proton transfer), water serves as a weak base to deprotonate the cationic oxygen atom, 
resulting in the formation of the final product (a lactone). 
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H 
7 Q^ NN, 
[e] O H GS Oo 
DN E 
OH 
H E 
£ for i 
OH O OH 
ee 
-Q O 
H © OH 


jos 
H.E vs He m 
d Os a BH HO: OH 
OF MÀ (0) i Oo 
HO HO HO 
ir 
(0) 
2, 
HO 


20.81. The carboxylic acid has a molecular formula of 
C5H1002. Thionyl chloride replaces the OH group on the 
carboxylic acid with a chlorine atom, thus the molecular 
formula of the resulting acid chloride is CsHsClO. 
Considering the possible acid chloride isomers with this 
molecular formula, only one (compound A) gives a 
single signal in its 'H NMR spectrum 


(0) 


sh. 


Compound A 


When compound A is treated with excess ammonia, a 
nucleophilic acyl substitution reaction occurs, producing 
the amide shown. 


(0) 
^» 
20.82. The molecular formula (CioH10O4) indicates six 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring (which accounts 
for four degrees of unsaturation) plus two more degrees 


of unsaturation (either two rings, or two double bonds, or 
a ring and a double bond, or a triple bond). 


xs NH3 


= I NH; 


There are two signals (both singlets) in the 'H NMR 
spectrum, with integration values of 3H (4.0 ppm) and 
2H (8.1 ppm). There are a total of 10 hydrogen atoms in 
the molecule, so the ratio of the integration values (3:2) 
must represent a 6H:4H ratio of the hydrogen atoms in 
the molecule (6H + 4H = 10H total). This indicates a 
high degree of symmetry in the structure. 


The signal at 8.1 ppm (with an integration of 4H) is 
consistent with the chemical shift expected for aromatic 
protons. The integration (4H) indicates a disubstituted 
ring, and the multiplicity of this signal (it is a singlet) 
suggests a para-disubstituted aromatic ring with two 
equivalent substituents, thereby rendering all four 
aromatic protons equivalent (thus giving rise to a 


singlet): 
i4 3-3 


The signal at 4.0 ppm (with an integration of 6H) is 
consistent with two identical methyl groups, each of 
which must be next to an oxygen atom to justify the 
downfield shift of the signal: 


Meo—§ $— OMe 


The two methoxy fragments and the aromatic ring 
account for all of the atoms in the molecular formula 
except for two carbon atoms and two oxygen atoms. 
Since we still need to account for two more degrees of 
unsaturation, and since the proposed structure must 
retain its high degree of symmetry, we propose the 
following structure: 


O E O 
20.83. An IR spectrum of butyric acid should have a very 
broad signal between 2200 and 3600 cm! due to the 


O-H stretch of the carboxylic acid. An IR spectrum of 
ethyl acetate will not have this signal. 


20.84. The ^ OH NMR  spectum of para- 
chlorobenzaldehyde should have a signal at 
approximately 10 ppm corresponding to the aldehydic 
proton. The !H NMR spectrum of benzoyl chloride 
should not have a signal near 10 ppm. 
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20.85. The molecular formula (CsHsO3) indicates five 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring (which accounts 
for four degrees of unsaturation) plus either one ring or 
one double bond. 


The broad signal between 2200 cm! and 3600 cm! in 
the IR spectrum is consistent with the O-H stretch of a 
carboxylic acid. 


(0) 
O-H 
The 'H NMR spectrum exhibits a signal at 


approximately 12 ppm, confirming the presence of a 
carboxylic acid group. The pair of doublets (with a 
combined integration of 4H) appearing between 7 and 8 
ppm is characteristic of a para-disubstituted aromatic 
ring (with two different substituents): 


The singlet near 4 ppm has an integration of 3H, 
indicating a methyl group. The downfield chemical shift 


of this signal indicates that the methyl group is likely 
attached to an oxygen atom: 


Meo—3 


There is only one way to connect the three fragments: 


oO 
OH 


The ?C NMR spectrum is consistent with this structure. 
The most downfield signal (~170 ppm) is consistent with 
the carbonyl group. A disubstituted aromatic ring 
(bearing two different substituents) is expected to 
produce four signals between 100 and 150 ppm. We do 
in fact see four signals, although one of them is above 
150 ppm, which likely corresponds with the carbon atom 
connected to the methoxy group (an oxygen atom is 
electronegative, causing a deshielding effect). Finally, 
the signal between 50 and 100 ppm is consistent with the 
carbon atom of the methoxy group (an sp? hybridized 
carbon atom attached to an electronegative atom). 


20.86. The mechanism shown below has 6 steps: 1) proton transfer, 2) nucleophilic attack, 3) proton transfer, 4) proton 
transfer, 5) loss of a leaving group and 6) proton transfer. In step 1 (proton transfer), the carbonyl group is protonated 
by H30*, activating it as an electrophile. In step 2 (nucleophilic attack), the tethered alcohol group serves as a 
nucleophile in an intramolecular nucleophilic attack. In step 3 (proton transfer), water deprotonates the oxonium ion, 
and in step 4 (proton transfer), a different oxygen atom is protonated by H3O', activating it as a leaving group. In step 5 
(loss of a leaving group), an alcohol serves as a leaving group. Deprotonation (step 6) gives the final, rearranged 


product. 


If the oxygen atom of the OH group in the starting material is an isotopic label (as indicated by the 


highlighted boxes), then we would expect the label to be incorporated into the ring of the product, as shown. 
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[e OH = R O 
R HO 


20.87. The lone pair of the nitrogen atom (of the amide group) is participating in aromaticity and is therefore less 
available to donate electron density into the carbonyl group. As a result, the carbonyl group is less electron-rich and 
more electrophilic than the carbonyl group of a regular amide (where the lone pair contributes significant electron 
density to the carbonyl group via resonance). Also, when this compound functions as an electrophile in a nucleophilic 
acyl substitution reaction, the leaving group is particularly stable because it is an aromatic anion in which the negative 
charge is spread over all five atoms of the aromatic ring. With such a good leaving group, this compound more closely 
resembles the reactivity of an acid halide than an amide. 


20.88. 

(a) DMF, like most amides, exhibits restricted rotation about the bond between the carbonyl group and the nitrogen 
atom, due to the significant contribution of the resonance form with a C=N double bond. This restricted rotation causes 
the methyl groups to be in different electronic environments (one methyl group is cis to the C=O and the other is trans 
to the C=O). They are not chemically equivalent and will therefore produce two different signals (in addition to the 
signal from the other proton in the compound). Upon treatment with excess LiAIH4, followed by water workup, DMF 
is reduced to an amine: 


(0) 
i H3C CH 
PEN 1) LiAIH4 3 ^N^ 3 


| 
| 2) H20 
CHs ehs 
This amine does not exhibit restricted rotation with respect to its C-N bonds. As such, all of the methyl groups are now 
chemically equivalent and will together produce only one signal. 


(b) Restricted rotation causes the methyl groups to be in different electronic environments. As a result, the ^C NMR 
spectrum of DMF should have three signals. 


20.89. The first step of the synthesis involves deprotonation of the alcohol group in compound 1 using NaH, 
generating an alkoxide ion. This alkoxide ion is then treated with the chiral 2-bromo ester, to give an Sn2 reaction 
(note the inversion of configuration of the chiral center bearing the methyl group). Reduction of the ester with DIBAH 
provides an aldehyde, which is transformed into the terminal olefin (compound 2) using a Wittig reaction. 
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20.90. Notice that the product has one more carbon atom than the starting material, and therefore, we must form a new 
C-C bond. This can be accomplished by first installing a leaving group at one of the benzylic positions, followed by an 
Sn2 process in which the leaving group is replaced with cyanide. Acid-catalyzed hydrolysis of the resulting nitrile 
affords the desired carboxylic acid. This route is preferable to the formation of a Grignard reagent followed by 
condensation with CO», as there are two bromine atoms in the molecule. 


CH3 CH 
O _NBS NaCN E 
Eg 
Br CH3 Theat Br 


CO;H 


20.91. A possible synthesis is shown below. When analyzing the starting material, 1, and the product, 2, it can be seen 
that the alcohol is transformed into an ether and that the ester is converted to a different ester. So first determine a 
method to make an ether; the Williamson ether synthesis (alkoxide + RX) is a convenient method for ether formation. 

For the conversion of the ester to a different ester, notice that the carbonyl carbon of ester 1 is still part of the 
side chain, but it is now a methylene (CH2) and therefore the ester must be reduced at some point (LIAIH4 is known to 
reduce esters). Reduction of the ester affords a 1? alcohol, which can then be converted to the new ester: 


G 4) xs LiAIH 9 
PN T 
— ANSAN — > 
R OCH; 2) H3O* R OH MULA 


Conversion of the alcohol into the ester could be achieved either via an acid-catalyzed Fischer esterification 
(ROH + RCO?H) or the via addition of an alcohol to an acid chloride (ROH + RCOCI). The acid chloride method is 
preferable, because acidic conditions required for the Fischer esterification could produce undesired side reactions with 
other functional groups present. 

Finally, the order of addition of these reagents is important so that you don't get an undesired product. See 
the correct order below, which shows the formation of ether 3 first (Williamson ether synthesis), followed by reduction 
of the ester to give alcohol 4, and finally, conversion of alcohol 4 to the desired ester 2 using the corresponding acid 
chloride. 
^ O Williamson Ether 
/ Synthesis 


etta 1) NaH, THF 


ery 


pyridine 


Haeo" 
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20.92. 

The desired transformation of compound 1 to compound 2 can be achieved via reduction of the carboxylic acid, 
followed by substitution. Direct conversion of the resultant alcohol may be accomplished using PBrs, or one can utilize 
a two-step method involving: 1) tosylate formation using TsCl and pyridine followed by, 2) Sn2 displacement using 
sodium bromide in DMSO: 


OH Br 


1) xs LIAIH4 OSiMest-Bu Eee OSiMest-Bu 
2) H30* : à 
| c SRL 
SiMe SiMe SiMes 
1 TsCl NaBr 2 
pyridine DMSO 


SiMes 


20.93. 
(a) Compound 1 is a nitrile (it contains a cyano group), which can undergo hydrolysis with aqueous sodium hydroxide. 
This gives rise to three possible products, only one of which is the desired product: 


Ed Desired Sy2 Product 


i9) i9) 
4 5 


Undesired Nitrile Hydrolysis Undesired Nitrile Hydrolysis and Sy2 
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(b) A likely mechanism for the reaction sequence is shown here. The conversion of compound 1 to compound 2 is an 
Sn2 displacement of the bromide with acetate (CH3CO» ). The reaction of the ester with NaOMe/MeOH is expected to 
proceed via an acyl substitution mechanism in which methoxide (CH3O ) attacks the carbonyl carbon of the ester (just 
as hydroxide would during hydrolysis). This generates a charged tetrahedral intermediate that collapses to give a new 
ester and eject the alkoxide leaving group, which is protonated by the solvent to give the desired alcohol, compound 3. 


Na9 
zr JE Na : S) OMe 
NC (S42) NC MeOH 
1 


NC 


(tetrahedral intermediate) 


OH " E MeOH O ; Nd? n A. 
MeO MeO 


NC NC 


20.94. Note that methyl benzoate is the reference compound among the series of compounds examined. So, benzoates 
with rate constants larger in value than 1.7 M'!min'! are more reactive while those with lower values are less reactive 
than the reference compound. The aromatic ring of methyl p-nitrobenzoate is considerably lower in electron density 
due to resonance interaction between the electron-withdrawing nitro group and the ring. However, in one of the 
resonance forms (structure A below), the electron-deficient carbon atom of the ring is adjacent to the carbonyl carbon 
atom. Thus, the electrophilicity at the carbonyl functional group is the largest, making its reactivity towards 
nucleophilic attack by hydroxide anion the fastest for this compound. 


O 
OCH; OCH3 
C) 
O-N O-N 
O ON (©) 
Y» e 
o 
= A - 


While the aromatic ring of methyl m-nitrobenzoate is also expected to be just as deficient in electron density as that of 
the para isomer, the positive charge on the ring never occupies the carbon atom adjacent to the carbonyl carbon atom 
(structure B). So, the electron deficiency (electrophilicity) at the carbonyl carbon atom is not as large as that of the para 
isomer. Thus, the reaction rate is slower than that of the para isomer. 
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The main electronic interaction between the halogen atoms and the aromatic ring is induction by which both chlorine 
and bromine are expected to withdraw electron density from the ring. Since chlorine is more electronegative than 
bromine, the m-chlorophenyl ring is more electron-deficient than the m-bromophenyl ring, and thus more reactive. 


The remaining three benzoates are less reactive than the reference compound. This suggests that the substituents found 
in these compounds are all electron-donating so as to increase the electron density at the carbonyl group. The increased 
electron density lowers the electrophilicity at the carbonyl group and thus lowers the reactivity towards hydroxide ion. 
The methyl group is only weakly electron-donating, so it raises the electron density the least. Because nitrogen is less 
electronegative than oxygen, a nitrogen atom is better at electron donation than oxygen. Therefore, the amino group is 
the best electron donor via resonance and thus lowers the reactivity of the carbonyl carbon the most (structure C). 


0 25 
cp OCH OCH; 
et 
HND HN 
2 2 © C 


In this problem, we see that the influence of the resonance effects dominates those of induction. We also learn that the 
precise resonance forms involved can make a difference in the overall reactivity (p- vs. m-nitrobenzoates). 


20.95. Compound 1 is a ketone, so treatment with a peroxy acid will give the corresponding lactone (cyclic ester). 
Notice that the oxygen atom is inserted between the carbonyl group and the bridgehead position (because that position 
is more substituted than the other side of the carbonyl group). Hydrolysis of the lactone gives compound 3. In Corey's 
synthesis, this hydrolysis step was performed under basic conditions (saponification), and under those conditions, the 
product (compound 3) would be deprotonated to give a carboxylate ion. Acid workup is necessary in order to protonate 
the carboxylate ion and regenerate the carboxylic acid (compound 3). 


HO o 
MeO MeO MeO i 


NI 


20.96. The first step of the synthesis involves deprotonation of the carboxylic acid with sodium hydride, followed by 
intramolecular esterification of 2 via loss of the mesylate group, giving 3. Note that the newly formed ring is on the 
bottom face of the molecule. Next, protonation of the ester with aqueous acid will generate an activated carbonyl (4) 
that spontaneously leaves as a neutral carboxylic acid, generating a secondary carbocation (5). Next, a 1,2-carbon 
migration occurs so that the four-membered ring opens and the pair of electrons in the C-C o-bond moves over one 
carbon (this carbocation rearrangement alleviates the strain associated with the four-membered ring), which generates a 
new, tertiary carbocation (6). In the next step, the carboxylic acid will form a new C-O bond with the carbocation, on 
the bottom face of the molecule, to generate a resonance-stabilized intermediate (7). In the final step of the mechanism, 
7 is deprotonated to produce the desired ring system (8). 
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20.97. Deprotonation of alcohol 1 with sodium hydride will produce an alkoxide (3) that can easily react at the lactone 
carbonyl to form intermediate 4 (note: the bond lengths and bond angles in 4 have been exaggerated). Once formed, the 
unstable tetrahedral intermediate quickly decomposes to generate a new 5-membered lactone via the expulsion of an 
alkoxide leaving group. While it may be difficult to see in its current form, intermediate 5 can be redrawn as 5a, which 
clearly shows the desired fused 5,5-ring system of the product with the proper stereochemistry at the ring junction. In 
the final step, the alkoxide in 5a reacts at the carbon-bromine bond in an Sn2 fashion to produce epoxide 2. 


Br 
Heg l ; He 
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20.98. The mechanism begins with a two-step nucleophilic acyl substitution. In the first step, methoxide attacks the 
carbonyl group in lactone 1 to produce charged tetrahedral intermediate 2. In the second step, the carbonyl is reformed 
via the loss of a leaving group, which in this case is the oxygen atom that was part of the 6-membered ring, leading to 
alkoxide 3. Alkoxide 3 is yet another charged tetrahedral intermediate, the collapse of which opens the epoxide and 
produces aldehyde 4. The mechanism concludes with another two-step nucleophilic acyl substitution, and this time it 
occurs intramolecularly. The alkoxide group in 4 acts as a nucleophile and attack the ester carbonyl to form charged 
tetrahedral intermediate 5, which quickly loses the methoxide leaving group to form lactone 6. 


Q: OM 
paths aaa 


A 
[9] 


Chapter 21 
Alpha Carbon Chemistry: Enols and Enolates 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of Chapter 21. Each 
of the sentences below appears verbatim in the section entitled Review of Concepts and Vocabulary. 


e Inthe presence of catalytic acid or base, a ketone will exist in equilibrium with an . In general, the 
equilibrium will significantly favor the : 

e When treated with a strong base, the a position of a ketone is deprotonated to give an 

. or will irreversibly and completely convert an aldehyde or ketone into an 
enolate. 

e Inthe haloform reaction, a ketone is converted into a carboxylic acid upon treatment with excess 
base and excess halogen followed by acid workup. 

e When an aldehyde is treated with sodium hydroxide, an aldol addition reaction occurs, and the product is a 


e For most simple aldehydes, the position of equilibrium favors the aldol product. For most ketones, the 


reverse process, called a -aldol reaction is favored. 

e When an aldehyde is heated in aqueous sodium hydroxide, an aldol reaction occurs, and the 
product is an . Elimination of water occurs via an mechanism. 

e Crossed aldol, or mixed aldol reactions are aldol reactions that occur between different partners and are 
only efficient if one partner lacks or if a directed aldol addition is performed. 

e Intramolecular aldol reactions show a preference for formation of and . -membered rings. 


e When an ester is treated with an alkoxide base, a Claisen condensation reaction occurs, and the product is a 


e Thea position of a ketone can be alkylated by forming an enolate and treating it with an 


e For unsymmetrical ketones, reactions with at low temperature favor formation of the kinetic enolate, 


while reactions with at room temperature favor the thermodynamic enolate. 
e When LDA is used with an unsymmetrical ketone, alkylation occurs at the position. 
e The synthesis can be used to prepare substituted derivatives of acetone, while the 
synthesis can be used to prepare substituted derivatives of acetic acid. 
e Aldehydes and ketones that possess -unsaturation are susceptible to nucleophilic attack at the f 
position. This reaction is called a addition, or /,4-addition, or a Michael reaction. 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 21. The answers appear in the section entitled Skil/Builder Review. 


21.1 Drawing Enolates 


Draw the resonance structures of the enolate that is formed when the ketone below is treated with a strong base: 


i9] 


o 
:Base 
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21.2 Predicting the Products of an Aldol Addition Reaction 


Predict the product of the aldol addition reaction that occurs when the following aldehyde 
is treated with sodium hydroxide: 


(0) NaOH 


A 


21.3 Drawing the Product of an Aldol Condensation 


Predict the product of the aldol condensation reaction that occurs when the following 
compound is heated with sodium hydroxide: 


O 


y^ NaOH, heat 


21.4 Identifying the Reagents Necessary for a Crossed Aldol Reaction 


Identify reagents that will achieve the following transformation: 
1) O OH 
Oo + 
WU ee - 
2) 
3) 
————————V——“(Y 


21.5 Using the Acetoacetic Ester Synthesis 


Identify reagents that will achieve the following transformation: 


O 6 1) 


OEt 
2) 


T UK 


21.6 Using the Malonic Ester Synthesis 
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Identify reagents that will achieve the following transformation: 
O 6 L | 
Duh Š 
E OEt 
tO 2) ) 
s( ) 
s) 


CO2H 


21.7 Determining When to Use a Stork Enamine Synthesis 


Identify reagents that will achieve the following transformation: 


ÍI 


a 


21.8 Determining which Addition or Condensation Reaction to Use 


Predict the major product of each reaction below: 


1,5-Difunctionalized compounds 


Stork enamine synthesis 


1) RoNH , [H*] 


1,3-Difunctionalized compounds 
Aldo! addition 
i9) 


Jk. NaOH 
H H20 
Claisen condensation 


A. 1) NaOEt 
EtO 2) H30* (workup) 


21.9 Alkylating the a and p Positions 


Identify reagents that will achieve the following transformation: 


(0) 


Te 
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Review of Reactions 


Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 21. The answers appear in the section 


entitled Review of Reactions. 


Alpha Halogenation 
O O 
P —— a Ew Br + HBr 
oO 


Aldol Reactions 


oO OH 


ee ee 


Claisen Condensation 


i9) 
Alkylation 
(0 
F 
R 
R R R 


O 
———— 
mE S 
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Review of Mechanisms 

Complete each of the following mechanisms by drawing the missing curved arrows. To verify that your 
curved arrows are drawn correctly, compare them to the curved arrows in the mechanism boxes for 
Mechanisms 21.1 — 21.7, which can be found throughout Chapter 21 of your text. 


Mechanism 21.1 Acid-Catalyzed Tautomerization 


Mechanism 21.2 Base-Catalyzed Tautomerization 


X-i 


ʻo : O H 


pu 


Mechanism 21.3 Acid-Catalyzed Halogenation of Ketones 


Part 1: Enol Formation 


H @_H 44H 
/ me) do) 
Hi Jos 
H En H^'^H 
e <> a nR 


Part 2: Halogenation 


„H [E inh 
:O “07 “O° 
Bro 20. 
————- ———$$<==>=, 


wW 
E 
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Mechanism 21.4 Aldol Addition 


Mechanism 21.6 Aldol Condensation 


Part 1: Aldol Addition "o 
i-i O. NS PN ae Me O ici se 
O° OH :0: H O° :0: H~ ^u "o" :OH 
H de 0 S OK 
oe, HS H H 
H H 
Part 2: Elimination of H5O 
a O. E CIT 
(0) :OH :OH 70: :OH O 


Mechanism 21.7 Claisen Condensation 
"o" 
"M uw T" 
"Ot :OR ir RO "Ot :0: O° "o" NS 
AA ae - we Te + RỌ: 
RO RO^ SS RO s RO 
HON 
eO A 
:0: ʻO m 
+ ROH 
RO^ S 
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Common Mistake to Avoid 


This chapter covers many reactions. Some of them require aqueous workup, some require aqueous acidic 
workup, while others require no workup at all. Students often confuse the appropriate workup conditions 
by associating the workup conditions with the reagents, rather than the reaction occurring. For example, 


consider the following reaction: 
i9) O 
A A 


This reaction (covered in Section 20.8) involves a lithium dialkylcuprate being used as a nucleophile, 
giving a ketone as a product. In contrast, consider the following reaction (from Chapter 21), which also 
employs a lithium dialkylcuprate as a nucleophile: 


R»CuLi 
———_ 


Cl R 


In this case, the initial product of the reaction is an enolate, which must be protonated, thereby requiring 
acidic workup. This was not the case for the reaction between an acid chloride and a lithium 
dialkylcuprate. It would therefore be a mistake to memorize that lithium dialkylcuprates always require 
aqueous acidic workup (or to memorize the opposite), because it depends on the situation. Rather than 
memorizing arbitrary rules that don’t always apply, it would be wiser to focus on understanding why certain 
reactions require workup while others do not. Your understanding will be facilitated by a strong focus on 
reaction mechanisms. 


Useful reagents 


The following is a list of reagents encountered in this chapter: 


Reagents Type of Reaction Description 
These reagents can be used to install a bromine atom at the a 
position of a ketone (or aldehyde). Subsequent treatment of the 
[H30°*], Br? a-Bromination resulting a-bromoketone with pyridine gives an o. -unsaturated 
ketone. This two-step process can be used to introduce o. p- 
unsaturation into a ketone or aldehyde. 
1) Bro, PBrs Hell-Volhard- These reagents can be used to install a bromine atom at the a 
2) H20 Zelinsky reaction | position of a carboxylic acid. 
1) NaOH, Br; These reagents can be used to convert a methyl ketone into a 
HHO ^ Haloform reaction | carboxylic acid. This process is most efficient when the other a 
) Hs position (of the starting ketone) bears no protons. 
E Aqueous sodium hydroxide will cause an aldol addition reaction 
Aldol addition : i 
NaOH, H20 ; between two equivalents of an aldehyde or ketone to give a B- 
reaction 
hydroxyaldehyde (or a B-hydroxyketone). 
Aqueous sodium hydroxide and heat will cause an aldol 
NaOH, H2O, heat Aldol condensation between two equivalents of an aldehyde or ketone 
condensation to give an o, -unsaturated aldehyde (or an o, -unsaturated 
ketone). 
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1) NaOEt Claisen These reagents will cause two equivalents of an ester to undergo 
>) B;O* condensation a condensation reaction, giving a B-ketoester. An acidic 

) H3 aqueous workup is required to afford the neutral product. 
1) LDA, -78°C These conditions can be used to install an alkyl group at the less- 
IR i Alkylation substituted a position of an unsymmetrical ketone (via the 

) kinetic enolate). 
1) NaH, 25°C These conditions can be used to install an alkyl group at the 
EX i Alkylation more-substituted a position of an unsymmetrical ketone (via the 

) thermodynamic enolate). 

6 ó Ethyl acetoacetate can be converted into a derivative of acetone 


upon treatment with ethoxide, followed by an alkyl halide, 
followed by hydrolysis and decarboxylation with aqueous acid 
and heat. 


Acetoacetic ester 
synthesis 


- 


Eto 


Diethyl malonate can be converted into a substituted carboxylic 


Malonic ester acid (more specifically, a derivative of acetic acid) upon 


- 


Eto OEt synthesis treatment with ethoxide, followed by an alkyl halide, followed 
by hydrolysis and decarboxylation with aqueous acid and heat. 
1) R:CuLi A lithium dialkylcuprate is a weak nucleophile and can serve as 
>) HOt Michael reaction | a Michael donor. It will undergo conjugate addition with a 
) H30 suitable Michael acceptor (see Table 21.2). 
Solutions 


21.1. Under acid-catalyzed conditions, the carbonyl group is first protonated, generating a resonance-stabilized 
intermediate, which is then deprotonated at the a position to give an enol. Notice that the acid for the protonation step 
is a hydronium ion, and the base for the deprotonation step is water, consistent with acidic conditions. 


H H 
QC CN AH F or om 


L €. 
HOS A\H ON 
H ET H^ ^H 
<=> 


212. If we carefully inspect the solution to the previous problem, we find that the final step of the mechanism is 
deprotonation of the a position, thereby converting the resonance-stabilized cationic intermediate into an enol. 
Therefore, the reverse of this process must begin with protonation of the a position, thereby converting the enol into a 
resonance-stabilized cationic intermediate. Subsequent deprotonation of this intermediate gives the ketone. Notice that 
the acid for the protonation step is a hydronium ion, and the base for the deprotonation step is water, consistent with 
acidic conditions. 


o" H an a] \ [e 
} : 
Z MM c o: 
N ge 
lc 
= 


21.3. Under base-catalyzed conditions, the a position is first deprotonated, generating a resonance-stabilized anionic 
intermediate. The oxygen atom in this intermediate is then protonated to give an enol. Since the ketone is 
unsymmetrical, the two a positions are not equivalent. Therefore, the enol can be formed at either a position, as shown 


I 
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below. Notice that, in each case, the base for the deprotonation step is a hydroxide ion, and the acid for the protonation 
step is water, consistent with basic conditions. 


ve e DP TES. us n 
OH 5 HAK^H 
es E 


goo e MS LH 
(0) Her i9) 
Eres t 


ò 
(ONS 
H -OH rS s HOH ". 
O ‘ 


21.4. 
(a) This compound has two a positions, although they [9] o9 
are equivalent because the ketone is symmetrical. d Ax 
Deprotonation at either location will lead to the same 6 =F 
enolate ion, which has the following resonance 
structures: 
o (d) This compound has two a positions, although only 
eo e one of these positions bears protons. Deprotonation at 
f) that location will lead to an enolate ion with the 
re following resonance structures: 


e o? 
(b) This compound has two o positions, although only O 
one of these positions bears protons. Deprotonation at E ie Ns 
that location will lead to an enolate ion with the 


following resonance structures: 


(e) This compound is an aldehyde and therefore has only 
one a position. Deprotonation at that location will lead 


eo o9 
A to an enolate ion with the following resonance structures: 
ox <> 


o9 


(c) This compound has two a positions, although only 
one of these positions bears protons. Deprotonation at 
that location will lead to an enolate ion with the 
following resonance structures: 


21.5. The ester has only one alpha carbon, and the proton at that position will be removed when treated with a strong 
base. Just as we would expect for the enolate of an aldehyde or a ketone, the resulting ester enolate has two resonance 
structures. 
o "o: iQ: 
Base: ~ " ON 7 
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21.6. 
(a) This compound has three o positions: 


pud 
Among these positions, the central position is a to both 
carbonyl groups, and therefore, deprotonation occurs at 


this location. The resulting anion is a stabilized enolate 
ion, which is particularly stable: 


o © o "S So 
LY — Y 
-- 


If ethoxide is used as the base to form the enolate, then 
enolate formation can be treated as nearly complete. 
That is, there will not be a substantial amount of 
diketone present after equilibrium has been established. 


(b) This compound has four a positions: 


All four of these positions are equivalent because of 
symmetry (the structure has been rotated to make the 
symmetry more apparent). Therefore, deprotonation at 


any one of these positions results in the same enolate, 
which has the following two resonance structures: 


0. Mo E 
| Ò | [9] 


21.7. 


Notice that the negative charge is delocalized over only 
one oxygen atom (not two). As such, deprotonation of 
the diketone with ethoxide will result in a mixture 
containing both the enolate and the starting diketone. 
That is, there will be a substantial amount of diketone 
present after equilibrium has been established. 


(c) This compound has two a positions, although only 
one of these positions bears protons. Deprotonation at 
that location will lead to an enolate ion with the 
following resonance structures: 


o9 


Notice that the negative charge is delocalized over only 
one oxygen atom. As such, deprotonation of the ketone 
with ethoxide will result in a mixture containing both the 
enolate and the starting ketone. That is, there will be a 
substantial amount of ketone present after equilibrium 
has been established. 


(d) This compound has two a positions, although they 
are equivalent because the ketone is symmetrical. 
Deprotonation at either location will lead to the same 
enolate ion, which has the following resonance 
structures: 


e? OF 
Ag T PN 


C 


Notice that the negative charge is delocalized over only 
one oxygen atom. As such, deprotonation of the ketone 
with ethoxide will result in a mixture containing both the 
enolate and the starting ketone. That is, there will be a 
substantial amount of ketone present after equilibrium 
has been established. 


(a) 2,4-Dimethyl-3,5-heptanedione is more acidic because its conjugate base is a stabilized enolate (the anion is 
delocalized over two oxygen atoms). The other compound (4,4-dimethyl-3,5-heptanedione) cannot form a stabilized 
enolate because there are no protons connected to the carbon atom that is in between both carbonyl groups. 


YT 


(more acidic) 


[ood 


(less acidic) 
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(b) 1,3-Cyclopentanedione is more acidic because its conjugate base is a stabilized enolate (the anion is delocalized 
over two oxygen atoms). The other compound (1,2-cyclopentanedione) cannot form a stabilized enolate because the 
carbonyl groups are adjacent to each other. 


M PRS 


il 


(more acidic) (less acidic) 


(c) Acetophenone is more acidic than benzaldehyde because acetophenone has a protons, while benzaldehyde does not. 
Deprotonation of acetophenone results in a resonance-stabilized conjugate base (an enolate ion). 


CH H 


f 


(more acidic) 


21.8. 
(a) These reagents indicate bromination at the a position, followed by elimination to give an o, p-unsaturated ketone: 


"T es -e Se BY 
Br 


The following is a mechanism accounting for the entire transformation. Under acid-catalyzed conditions, the 
mechanism begins with a two-step tautomerization process to form an enol. The carbonyl group is protonated, giving a 
resonance-stabilized intermediate, which can then be deprotonated to give an enol. There is only a small amount of 
enol present at equilibrium, but its steady presence is responsible for the bromination process (as the enol is consumed 
by reacting with Bro, the equilibrium is adjusted to replenish the small concentration of enol). The enol is a nucleophile 
and can attack molecular bromine (Br) to give an intermediate which is then deprotonated by water to give the product 
of the first reaction. 


aa. T © H LH ‘o: -H 
u e 2 Td Se 
H 


ra 
: ee Sh Br 
[e] :OZ A 
A al Bs ve 
Br Br 


When this a-bromoketone is subsequently treated with pyridine, an E2 reaction gives the product: 


[e NES d b [e 
“2 


Br 
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(b) These reagents indicate bromination at the more substituted a position, followed by elimination to give an o,p- 
unsaturated ketone: 
/ N 


[H30*], Bra =— 
— A ———— 
Br 


Below is a mechanism accounting for the entire transformation. Under acid-catalyzed conditions, the mechanism 
begins with a two-step tautomerization process to form an enol. The carbonyl group is protonated, giving a resonance- 
stabilized intermediate, which can then be deprotonated to give an enol (the more substituted enol is favored over the 
less substituted enol at equilibrium). There is only a small amount of enol present at equilibrium, but its steady 
presence is responsible for the bromination process (as the enol is consumed by reacting with Br», the equilibrium is 
adjusted to replenish the small concentration of enol). The enol is a nucleophile and can attack molecular bromine 
(Br?) to give an intermediate which is then deprotonated by water to give the product of the first reaction. 


4 N H 
" H--O® @ -H ot “ot ect 
- AY RL —— Ay 
C 
| Z 


ji 
ee CU 
AY HOH Ts 
à SUE 
: Br 


When this a-bromoketone is subsequently treated with pyridine, an E2 reaction gives the product: 


oe 


VE = 


Br 


(c) The starting material is an aldehyde, which has only one a position. These reagents indicate bromination at the a 
position, followed by elimination to give an o. f)h-unsaturated aldehyde: 


O . O 
[H30], Bro — 
—————————- ————- 
H 4 H 
Br 


Below is a mechanism accounting for the entire transformation. Under acid-catalyzed conditions, the mechanism 
begins with a two-step tautomerization process to form an enol. The carbonyl group is protonated, giving a resonance- 
stabilized intermediate, which can then be deprotonated to give an enol. There is only a small amount of enol present 
at equilibrium, but its steady presence is responsible for the bromination process (as the enol is consumed by reacting 
with Br», the equilibrium is adjusted to replenish the small concentration of enol). The enol is a nucleophile and can 
attack molecular bromine (Br?) to give an intermediate which is then deprotonated by water to give the product of the 
first reaction. 


21.9. 

(a) The product is an a,B-unsaturated ketone, which can 
be prepared from the corresponding saturated ketone (via 
acid-catalyzed halogenation followed by elimination), 


(0) (0) 
of m 
and this saturated ketone can be prepared from the 
starting secondary alcohol via oxidation. 
The complete synthesis is shown here. The first step 
employs chromic acid as the oxidizing agent. 


Alternatively, PCC (or DMP or a Swern oxidation) can 
be used to affect the same transformation. 


OH  1)Na;Cm0;, ò 
H5S04, H2O 
2) Bro, [H30*] 
3) pyridine 
NasCro07, La 
H5S04, H2O pyridine 


(0) (0) 
Bro, 
—————— 
or [H20"] CX 
Br 
(b) The product is an a,B-unsaturated aldehyde, which 
can be prepared from the corresponding saturated 


aldehyde (via acid-catalyzed halogenation followed by 
elimination): 


A, = AA 
Ex N 
ar H 
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The saturated aldehyde can be prepared from the starting 
primary alcohol via oxidation with PCC (or with DMP or 


a Swern oxidation). 
shoe EN 


1) PCC, CH;C 


2) Bro, T2} Br, [H0] 
3) pyridine 
PCC, CH5Cl pyridine 
p 
H Sa 
"s AA 
21.10. 


(a) The starting material is a carboxylic acid, and the 
reagents indicate a Hell-Volhard-Zelinsky reaction. This 
process installs a bromine atom at the a position, as 


shown: 


(0) 
OH (D Bro, PBra Br? , PBr3 

O° H20 
(b) The starting material is a carboxylic acid, and the 
reagents indicate a Hell-Volhard-Zelinsky reaction. This 
process installs a bromine atom at the a position, as 


shown: 


1) 1) Brg, PBrs PBra 
2)HO 


No 
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21.11. 

(a) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-c) follows. 


OH , OH 
=> 
oO oO 


Ng 


[^ 
C— (X 
a. The product can be made from the corresponding 
carboxylic acid via bromination at the a position. 
b. The carboxylic acid can be prepared via hydrolysis 
of the corresponding nitrile. 
The nitrile can be made from the starting material 


(benzyl bromide) via an Sn2 process in which 
cyanide is used as a nucleophile. 


Br 


^5 


Now let's draw the forward scheme. Benzyl bromide is 
treated with sodium cyanide, giving an Sn2 reaction that 
results in formation of a nitrile. Upon treatment with 
aqueous acid, the nitrile is hydrolyzed to give a 
carboxylic acid. Bromination at the a position then 
gives the product, as shown. 


Br 
1) NaCN OH 
2) H30*, heat 
EESTI UN 
3) Bro, PBr3 O 
4) H20 


NaCN 
2) H20 


Hot OH 
Le E 
heat 0) 


Alternatively, the carboxylic acid can be prepared via a 
Grignard reaction between benzyl magnesium bromide 
and carbon dioxide, followed by acid workup, as shown: 


Br 
OH 
1) Mg 
— > 
2) CO2 O 
3) HO* 
Mg 4) Bro, PBra 1) Bro, PBr3 
5) H20 2) H20 
OH 
MgBr 1) COz 
Suo 
2) H30* O 


This alternate synthesis demonstrates an important point 
that has been stressed several times throughout this 
solutions manual. Specifically, synthesis problems may 
have more than one correct solution. 


(b) The product is an a-bromo carboxylic acid, which 
can be prepared from the corresponding carboxylic acid 
(via a Hell-Volhard-Zelinsky reaction): 


This carboxylic acid can be prepared from the starting 
primary alcohol via oxidation with chromic acid: 


1) Na;Cr205, O 
Rp H3S04, H20 
— 
OH 2) Br, PBr3 OH 
3) H20 Br 
Na5Cr20; 
H2504, H20 
TUE n 4) Bra, PBr3 
Den ual 
OH 


(c) The product is an a-bromo carboxylic acid, which 
can be prepared from the corresponding carboxylic acid 
(via a Hell-Volhard-Zelinsky reaction): 


(0) OH (0) OH 

A Br ha 
This carboxylic acid can be prepared from the starting 
nitrile via hydrolysis with aqueous acid, as shown: 


[e] OH 
CN 
pm 1) H4O*, heat 
ad Br 
2) Bro, PBra 
3) H20 
E NA Bro, PBr3 
H30 NA H20 
heat 
21.12. 


(a) The starting material is a methyl ketone, which is 
converted into the corresponding carboxylic acid (shown 
here) via the haloform reaction: 


(0) 


OH 


(b) The starting material is a methyl ketone, which is 
converted into the corresponding carboxylic acid (shown 
here) via the haloform reaction: 


i9) 
Ck» 
(c) The starting material is a methyl ketone, which is 


converted into the corresponding carboxylic acid (shown 
here) via the haloform reaction: 


O 
OH 


21.13. 

(a) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-c) follows. 


9) 9) 
a 
OEt => OH 
WV 
OH 9) 
[o 
Ze = +N 
a. The product is an ester, so it can be made from the 
corresponding carboxylic acid via a Fischer 
esterification. 
b. The carboxylic acid can be prepared from the 
corresponding methyl ketone via a haloform 
reaction. 


c. The ketone can be made via oxidation of the 
corresponding secondary alcohol. 


Now lets draw the forward scheme. The starting 
alcohol is oxidized upon treatment with chromic acid 
(alternatively, PCC or DMP can be used for this step). 
The resulting ketone is then treated with molecular 
bromine (Br2) and sodium hydroxide, followed by 
aqueous acid, to give a carboxylic acid (via a haloform 
reaction). Finally, the carboxylic acid is treated with 
ethanol in the presence of an acid catalyst, giving the 
desired ester (via a Fischer esterification). 
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OH  4jNa;CrO;, O 
H2SO4, H2O 
2) Bra, NaOH OEt 
3) H30* 
4) [H*], EtOH 
Na;5Cr2O;, n 
H4S04. HO [H*], EtOH 
e 


O 
1) Bro, NaOH 
2) H30* OH 


(b) An efficient solution to this problem derives from 
the following retrosynthetic analysis. An explanation of 
each of the steps (a-c) follows. 


i9) i9) 


P aed n. 
m 
exe 


The product is an acid chloride which can be made 
from the corresponding carboxylic acid. 

The carboxylic acid can be prepared from the 
corresponding methyl ketone via a haloform 
reaction. 

The ketone can be made from the starting alkene via 
ozonolysis. 


R 


> 


^5 


Now lets draw the forward scheme. Ozonolysis 
converts the starting alkene into a ketone (with loss of a 
carbon atom). The resulting ketone is then treated with 
molecular bromine (Br) and sodium hydroxide, 
followed by aqueous acid, to give a carboxylic acid (via 
a haloform reaction). Finally, the carboxylic acid is 
converted into an acid chloride upon treatment with 
thionyl chloride. 
1) 05 


2) DMS O 
3) Bro, NaOH 
a Cl 
4) HO 
5) SÒCI; 
1) 03 

o o 
1) Bra, NaOH 
2) H4O* OH 


(c) The starting material is an acetal. Upon treatment 
with aqueous acid, the acetal is converted to a ketone, 
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which can then be converted into the desired carboxylic 
acid via a haloform reaction. 


1) H30* OH 
2) Br, NaOH 
0/70 ^no A 


Ho 1) Bra, NaOH 
2) HO* 
Ó 


(d) An efficient solution to this problem derives from 


the following retrosynthetic analysis. An explanation of 


each of the steps (a-d) follows. 


(0; 
~ie 


ie 


— ; 
oO by oO 
"Ns 1. 
ae 


a. The product is an amide, which can be made from 
the corresponding acid chloride. 

b. The acid chloride can be made from the 
corresponding carboxylic acid upon treatment with 
thionyl chloride. 

c. The carboxylic acid can be prepared from the 
corresponding methyl ketone via a haloform 
reaction. 

d. The ketone can be made via hydrolysis of the 
starting imine. 


Now let’s draw the forward scheme. The starting imine 
is hydrolyzed upon treatment with aqueous acid to give a 
ketone. The ketone is then treated with molecular 
bromine (Br2) and sodium hydroxide, followed by 
aqueous acid, to give a carboxylic acid (via a haloform 
reaction). The carboxylic acid is then converted into an 
acid chloride upon treatment with thionyl chloride. 
Finally, the acid chloride is converted into the desired 
amide upon treatment with excess ammonia (via a 
nucleophilic acyl substitution reaction). 


JH 1)H30* 
N 2) Bra, NaOH ie 
3) H0* 
———————- 
4) SOC NH2 
5) xs NH3 
H30* xs NH3 
O O 
X re 
1) Bra, NaOH 
2) HO* O SOCL 


^x^ 
21.14. 


(a) The a position of one molecule of the aldehyde is 
deprotonated, and the resulting enolate functions as a 
nucleophile and attacks the electrophilic carbonyl group 
of another molecule of the aldehyde: 


As a result, a carbon-carbon bond is formed. The 
resulting alkoxide ion is then protonated to give the 
following B-hydroxy aldehyde: 


OH O 


(b) The a position of one molecule of the aldehyde is 
deprotonated, and the resulting enolate functions as a 
nucleophile and attacks the electrophilic carbonyl group 
of another molecule of the aldehyde: 


2 
ee 
H 7H 


As a result, a carbon-carbon bond is formed. The 
resulting alkoxide ion is then protonated to give the 
following B-hydroxy aldehyde: 


(c) The a position of one molecule of the aldehyde is 
deprotonated, and the resulting enolate functions as a 
nucleophile and attacks the electrophilic carbonyl group 
of another molecule of the aldehyde: 


Ne 
ee es 
H H 


As a result, a carbon-carbon bond is formed. The 
resulting alkoxide ion is then protonated to give the 
following B-hydroxy aldehyde: 


(d) The a position of one molecule of the aldehyde is 
deprotonated, and the resulting enolate functions as a 
nucleophile and attacks the electrophilic carbonyl group 
of another molecule of the aldehyde: 


As a result, a carbon-carbon bond is formed. The 
resulting alkoxide ion is then protonated to give the 
following B-hydroxy aldehyde: 


21.15. 

(a) This compound has two a positions, although they 
are equivalent because the ketone is symmetrical. That 
is, deprotonation at either location will lead to the same 
enolate. This enolate can then function as a nucleophile 
and attack the electrophilic carbonyl group of another 
molecule of the ketone. As a result, a carbon-carbon 
bond is formed. The resulting alkoxide ion is then 
protonated to give a f-hydroxy ketone, as shown: 
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[9] 
eo OH 


ILH  NaOH,H;O 


d i, 
y AD 


(b) This compound has two a positions, although only 
one of these positions bears protons. Deprotonation at 
that location will lead to an enolate ion that can function 
as a nucleophile and attack the electrophilic carbonyl 
group of another molecule of the ketone. As a result, a 
carbon-carbon bond is formed. The resulting alkoxide 
ion is then protonated to give a B-hydroxy ketone, as 
shown: 


(e) O OH 
c 
A H NaOH, H20 
\ 
9-4 O 
:OH HH 


Ox s 
ES : a Ò :0: 

"NS 
(c) This compound has two a positions, although they 
are equivalent because the ketone is symmetrical. That 
is, deprotonation at either location will lead to the same 
enolate. This enolate can then function as a nucleophile 
and attack the electrophilic carbonyl group of another 
molecule of the ketone. As a result, a carbon-carbon 


bond is formed. The resulting alkoxide ion is then 
protonated to give a B-hydroxy ketone, as shown: 


Z9 NaOH, H;O O OH 
ee eee 
O 
OH HIAS 
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(d) This compound has two o positions, although only 
one of these positions bears protons. Deprotonation at 
that location will lead to an enolate ion that can function 
as a nucleophile and attack the electrophilic carbonyl 
group of another molecule of the ketone. As a result, a 
carbon-carbon bond is formed. The resulting alkoxide 
ion is then protonated to give a B-hydroxy ketone, as 
shown: 


co O OH 
x o NaOH, H;O 
oe ZO. 
ET H” VH 
T i 
on. 2 XE 


21.16. 

(a) The a position of one molecule of the aldehyde is 
deprotonated, and the resulting enolate functions as a 
nucleophile and attacks the electrophilic carbonyl group 
of another molecule of the aldehyde: 


Oo 
c Jr. 
Oo Oo 
OX os ~~" cH; 
ONO 


Ou 
tO: 


3 


As a result, a carbon-carbon bond is formed. The 
resulting alkoxide ion is then protonated to give the 
following B-hydroxy aldehyde: 


O OH 
Hi Sen acl 
Ó. LO 
~~" CHs 


(b) The a and p positions are both chiral centers, so we 
expect 2? = 4 stereoisomers, shown below: 


o OH O OH 
du ON Onc, H x 9? gi, 
ON Nou, OES aii, 
O OH O OH 
H 9 cu, Pee ON sou, 
ONO ou, ac 


21.17. 

(a) Two molecules of the aldehyde are redrawn such 
that two a protons of one molecule are directly facing 
the carbonyl group of another molecule (highlighted). 
When drawn in this way, it is easier to predict the 
product without having to draw the entire mechanism. 
We simply remove the two a protons and the oxygen 
atom, and we replace them with a double bond. The 
dashed line illustrates the new carbon-carbon bond being 
formed, between the nucleophilic alpha carbon (enolate) 
and the electrophilic carbonyl carbon. In this case, two 
stereoisomers are possible, so we draw the product that is 
likely to have fewer steric interactions: 


(b) Two molecules of the aldehyde are redrawn such that 
two a protons of one molecule are directly facing the 
carbonyl group of another molecule (highlighted). We 
then remove the two a protons and the oxygen atom, and 
we replace them with a double bond. The dashed line 
illustrates the new carbon-carbon bond being formed, 
between the nucleophilic alpha carbon (enolate) and the 
electrophilic carbonyl carbon. In this case, two 
stereoisomers are possible, so we draw the product that is 
likely to have fewer steric interactions: 


(c) Two molecules of the aldehyde are redrawn such that 
two a protons of one molecule are directly facing the 
carbonyl group of another molecule (highlighted). We 
then remove the two a protons and the oxygen atom, and 
we replace them with a double bond. The dashed line 
illustrates the new carbon-carbon bond being formed, 
between the nucleophilic alpha carbon (enolate) and the 
electrophilic carbonyl carbon. In this case, two 


stereoisomers are possible, so we draw the product that is 
likely to have fewer steric interactions: 


(d) This compound has two a positions, but only one of 
these positions has the required two a protons for the 
condensation reaction to occur. 

Two molecules of the ketone are redrawn such that two a 
protons of one molecule are directly facing the carbonyl 
group of another molecule (highlighted). We then 
remove the two a protons and the oxygen atom, and we 
replace them with a double bond. The dashed line 
illustrates the new carbon-carbon bond being formed, 
between the nucleophilic alpha carbon (enolate) and the 
electrophilic carbonyl carbon. In this case, two 
stereoisomers are possible, so we draw the product in 
which the larger groups are farther apart from each other 
(circled below). This £ isomer has fewer steric 
interactions: 


(e) This compound has two a positions (each with the 
required two a. protons), although they are equivalent 
because the ketone is symmetrical, so we only need to 
consider the reaction occurring at one of these locations. 

Two molecules of the ketone are redrawn such that two 
a protons of one molecule are directly facing the 
carbonyl group of another molecule (highlighted). We 
then remove the two a protons and the oxygen atom, and 
we replace them with a double bond. The dashed line 


CHAPTER 21 947 


illustrates the new carbon-carbon bond being formed, 
between the nucleophilic alpha carbon (enolate) and the 
electrophilic carbonyl carbon: 


£ Hl 
o 
H 


(f) This compound has two a positions, but only one of 
these positions has the required two a protons for the 
condensation reaction to occur. 

Two molecules of the ketone are redrawn such that two a 
protons of one molecule are directly facing the carbonyl 
group of another molecule (highlighted). We then 
remove the two o protons and the oxygen atom, and we 
replace them with a double bond. The dashed line 
illustrates the new carbon-carbon bond being formed, 
between the nucleophilic alpha carbon (enolate) and the 
electrophilic carbonyl carbon. In this case, two 
stereoisomers are possible, so we draw the product with 
fewer steric interactions (the E isomer): 


21.18. Compound 1 has 8 equivalent alpha protons, highlighted below: 


O 


(0) 


H 


H 


H 
(CH2)2 


(CH2)2 
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Removal of any one of these protons with a base will yield the same enolate and ultimately lead to the same final aldol 
condensation product. To draw the aldol condensation product, we redraw compound 1 to show one set of alpha 
protons directly facing the other carbonyl group. Removing the carbonyl group and the two alpha protons (in the box 
below) gives the structure of the final product, compound 2, which has the molecular formula CioHi4O. 


i9) 
Aldol 
condensation Q + pon 
—————— H^ `H 
1 i9) 2 O 
O 


Note that in this case the bicyclic structure limits the product to only one possible stereoisomer around the newly- 
formed C-C unit. 

The above is only a bookkeeping trick for predicting the product. It is beneficial to think about the mechanism as 
shown below. After deprotonation, the resulting enolate ion attacks the carbonyl group, giving an alkoxide ion. After 
protonation of the alkoxide, a base-catalyzed elimination process gives an a,f—unsaturated ketone: 


i9) 
‘Base 
oY 

21.19. 
(a) We first identify the a and f positions, and then (b) We first identify the a and p positions, and then 
apply a retrosynthetic analysis: apply a retrosynthetic analysis: 

i9) OH 

p 


(0) o? H [7 
p 
= + [9] 
Oe. maa 4 
This transformation can be achieved with an aldol 
reaction between two different partners. One of the 


o? (0) 
partners (the ketone) only has one a position that can be 
deprotonated (giving only one possible enolate), and the į H 
other partner (formaldehyde) lacks a protons and is more 


electrophilic than the ketone. As such, LDA is not 
required as a base for this directed aldol addition. 


Sodium hydroxide can be used, as shown: This transformation can be achieved with an aldol 


reaction between two different partners. One of the 
o o partners (the ketone) only has one a position that can be 


NaOH, H20 deprotonated (giving only one possible enolate), and the 
O OH other partner (the aldehyde) lacks œ protons and is more 
JU electrophilic than the ketone. As such, LDA is not 


H^ ^H 


required as a base for this directed aldol addition. 
Sodium hydroxide can be used, as shown: 


i9] oO OH 


NaOH, H2O 


> 
oO 
no 
(c) We first identify the a and f positions, and then 
apply a retrosynthetic analysis: 


O OH 
ne 
o 
o° | O 
Ü Pu 


Two different partners are required, each of which can be 
deprotonated to give an enolate. Therefore, this 
transformation must be achieved with a directed aldol 
reaction, using LDA as the base, followed by aqueous 
acidic workup, as shown: 


O O OH 
1) LDA 
—————————- 
O 
2) 
3) HO* 


(d) We first identify the a and B positions, and then 
apply a retrosynthetic analysis to identify the starting 
materials: 


© 
i9) B Oo iS) 
POs 


CHAPTER 21 949 


This transformation can be achieved with an aldol 
reaction between two different partners. One of the 
partners (the ketone) only has one a position that can be 
deprotonated (giving only one possible enolate), and the 
other partner (the aldehyde) lacks protons and is more 
electrophilic than the ketone. As such, LDA is not 
required as a base for this directed aldol addition. 
Sodium hydroxide can be used, as shown: 


(e) We first identify the a and f positions, and then 
apply a retrosynthetic analysis: 


(0) o° 
e H 
— + pow 
6 "OH 2 
Two different partners are required, each of which can be 
deprotonated to give an enolate. Therefore, this 
transformation must be achieved with a directed aldol 


reaction, using LDA as the base, followed by aqueous 
acidic workup, as shown: 


i9) i9) 


2) allis OH 
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21.20. We first identify the part of the structure of DPHP that is produced by an aldol reaction, and look for either a 
p-hydroxy carbonyl or an a,B-unsaturated carbonyl. We do see in DPHP an a,f-unsaturated carbonyl. After 
identifying the a and p positions, we then apply a retrosynthetic analysis to identify the starting materials: 


OH [0] B OH o? H 
beL PA T 
Q => 7 
N N 


A strong base, such as LDA, is not needed for this crossed aldol reaction since only one of the compounds (the ketone) 
has an a position that can be deprotonated (giving only one possible enolate) and the other partner (the aldehyde) lacks 
a protons and is more electrophilic that the ketone. Sodium hydroxide can be used, as shown: 


OH O H OH O 
o NaOH A 
y —————» 
H:O 
N N 


DPHP 


21.21. This process is an intramolecular aldol eo 

condensation reaction. As such, we draw a mechanism so 99 heat 
with the same mechanistic steps found in Mechanism 

21.6. First, hydroxide functions as a base and 

deprotonates the starting dione to give an enolate. This 
enolate ion is a nucleophilic center, and it will attack the 


carbonyl group present in the same structure (an 
intramolecular process) thereby closing a  five- 


2; .O 
1 $ anD A Of Heb 
membered ring. The resulting alkoxide ion is then Pr D 
protonated to give a B-hydroxy ketone. Hydroxide then e 
functions as a base again, deprotonating the a position. © TA 


The resulting enolate then ejects a hydroxide ion, giving \ 


the condensation product, as shown: 


O P O 
:0: H 
XO 


21.22. The following process is the reverse of the 
mechanism shown in the previous problem. As such, all 
of the intermediates are identical to the intermediates in 
the previous problem, but they appear in reverse order. 
First, hydroxide attacks the ß position of the o.- 
unsaturated ketone (conjugate addition), giving an 
enolate. The enolate is then protonated to give a B- 
hydroxyketone, which is subsequently deprotonated to 
give an alkoxide ion. The carbonyl group is then 
reformed, with loss of an enolate as a leaving group (this 
is a retro-aldol process). The resulting enolate is then 
protonated to give the dione. Notice that each of the 
protonation steps employs water as an acid, consistent 
with basic conditions (strong acids are not measurably 
present under these conditions). 


Z9 NaOH, H2O 


A rf 


(0) 


[9] [9] 
o. c 
OH 
02 Z Go: 
H “O 
21.23. This process is an intramolecular aldol 


condensation reaction, and is similar to Problem 21.21, 
with one additional methylene (CH2) group in between 
the two carbonyl groups. As such, a six-membered ring 
is formed, rather than a five-membered ring. Other than 
this small difference, this mechanism is identical to the 
mechanism shown in the solution to Problem 21.21. 
First, hydroxide functions as a base and deprotonates the 
starting dione to give an enolate. This enolate ion is a 
nucleophilic center, and it will attack the carbonyl group 
present in the same structure (an intramolecular process), 
thereby closing a six-membered ring. The resulting 
alkoxide ion is then protonated to give a p-hydroxy 
ketone. Hydroxide then functions as a base again, 
deprotonating the a position. The resulting enolate then 
ejects a hydroxide ion, giving the condensation product, 
as shown: 
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NaOH, H»O 


AR os dy H mee Ol 


J 
H 


oO 
heat O ers 
oO 
OH 


21.24. 

(a) The starting material is an ester, and the product is a 
B-ketoester. Therefore, this process is a Claisen 
condensation. In this case, two identical partners will 
react with each other (this is not a crossed Claisen 
condensation). Since the alkoxy group of the ester is an 
ethoxy group, we must use sodium ethoxide as the base 
(NaOEt), in order to avoid hydrolysis or trans- 
esterification. 


(b) The starting material is an ester, and the product is a 
B-ketoester. Therefore, this process is a Claisen 
condensation. In this case, two identical partners will 
react with each other (this is not a crossed Claisen 
condensation). Since the alkoxy group of the ester is a 
tert-butoxy group, we must use potassium fert-butoxide 
as the base (t-BuOK), in order to avoid hydrolysis or 
transesterification. 


21.25. 

(a) The a position of one molecule of the ester is 
deprotonated, and the resulting enolate functions as a 
nucleophile and attacks the electrophilic carbonyl group 
of another molecule of the ester. As a result, a carbon- 
carbon bond is formed, giving a charged tetrahedral 
intermediate. The carbonyl group is then reformed via 
loss of an ethoxide ion, affording a f-ketoester, as 
shown: 


952 CHAPTER 21 


Ph 
z. LOEt 
Ph 
OEt 19> OEt 
Ph” d Ph - 
:0: OEt 
So E [e 


This product is deprotonated under the conditions of its 
formation, which is the reason for aqueous acidic 
workup after the reaction is complete (to protonate, thus 
regenerating the neutral product). 


(b) The a position of one molecule of the ester is 
deprotonated, and the resulting enolate functions as a 
nucleophile and attacks the electrophilic carbonyl group 
of another molecule of the ester. As a result, a carbon- 
carbon bond is formed, giving a charged tetrahedral 
intermediate. The carbonyl group is then reformed via 
loss of a methoxide ion, affording a p-ketoester, as 
shown: 


02 OMe 


This product is deprotonated under the conditions of its 
formation, which is the reason for aqueous acidic 
workup after the reaction is complete (to protonate, thus 
regenerating the neutral product). 


(c) The a position of one molecule of the ester is 
deprotonated, and the resulting enolate functions as a 
nucleophile and attacks the electrophilic carbonyl group 
of another molecule of the ester. As a result, a carbon- 
carbon bond is formed, giving a charged tetrahedral 
intermediate. The carbonyl group is then reformed via 
loss of an ethoxide ion, affording a f-ketoester, as 
shown: 


This product is deprotonated under the conditions of its 
formation, which is the reason for aqueous acidic 
workup after the reaction is complete (to protonate, thus 
regenerating the neutral product). 


21.26. 

(a) We first identify the a and f positions, and then 
apply a retrosynthetic analysis. The a position is the 
location between the two carbonyl groups, and the p 
position bears the keto group: 


e e 
p 
a OEt 
[e] | o? 
OEt Z ~OEt 
+ 


Since the two partners are different, we use a crossed 
Claisen condensation. LDA is used as the base in the 
first step, and the final step of the process is aqueous 
acidic workup, as shown: 


1) LDA 
O 
2) ( )—4 
O OEt 
OEt 3) H30* (workup) | 
oO oO 
OEt 


(b) We first identify the a and B positions, and then 
apply a retrosynthetic analysis. The a position is the 
location between the two carbonyl groups, and the p 
position bears the keto group: 


OEt Z7 ~OEt 


Since the two partners are different, we use a crossed 
Claisen condensation. LDA is used as the base in the 
first step, and the final step of the process is aqueous 
acidic workup, as shown: 


" 1) LDA o D 
—————————— 
fov Oo OEt 
2) —4 
OEt 
3) H30* (workup) 


(c) We first identify the a and f positions, and then 
apply a retrosynthetic analysis. The a position is the 
location between the two carbonyl groups, and the f 
position bears the keto group: 


[S 
(8) OMe OMe O OMe 
T Y i or 
[9] 
B 
(0) 


Since the two partners are different, we use a crossed 
Claisen condensation. LDA is used as the base in the 
first step, and the final step of the process is aqueous 


acidic workup, as shown: 
(0) 


(d) We first identify the a and f positions, and then 
apply a retrosynthetic analysis. The a position is the 
location between the two carbonyl groups, and the f 
position bears the keto group: 


O OMe 1) LDA 


—————————— 
OMe 
» Y 
oO 


3) H30* (workup) 
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95 OMe 
CL cos d 
[0] 


Since the two partners are different, we use a crossed 
Claisen condensation. LDA is used as the base in the 
first step, and the final step of the process is aqueous 
acidic workup, as shown: 


Ox 4 


(e) We first identify the a and f positions, and then 
apply a retrosynthetic analysis. The a position is the 
location between the two carbonyl groups, and the p 
position bears the keto group: 


1) LDA 


Ò OMe 


O O 
B 


OMe Z CQ 


Since the two partners are different, we use a crossed 
Claisen condensation. LDA is used as the base in the 
first step, and the final step of the process is aqueous 
acidic workup, as shown: 


954 CHAPTER 21 


© 1)LDA o 


3) H30* (workup) 


21.27. 

(a) This is an example of an intramolecular Claisen 
condensation (called a Dieckmann cyclization). The a 
position of one ester group is deprotonated, and the 
resulting enolate functions as a nucleophile and attacks 
the other carbonyl group within the same structure (the 
other carbonyl group acts as an electrophile). As a 
result, a ring is formed, giving a charged tetrahedral 
intermediate. The carbonyl group is then reformed via 
loss of an ethoxide ion, giving a f)-ketoester: 


O [e 
OEt OEt 


electrophile 


Under these basic conditions, the  f-ketoester is 
deprotonated to give a stabilized enolate, requiring acidic 
workup in order to regenerate the B-ketoester above. 


(b) This is an example of an intramolecular Claisen 
condensation (called a Dieckmann cyclization). The a 
position of one ester group is deprotonated, and the 
resulting enolate functions as a nucleophile and attacks 
the other carbonyl group within the same structure (the 
other carbonyl group acts as an electrophile). As a 
result, a ring is formed, giving a charged tetrahedral 
intermediate. The carbonyl group is then reformed via 
loss of an ethoxide ion, giving a B-ketoester: 


VL ape 
OEt o o 


— OEt 


nucleophile 


Under these basic conditions, the  -ketoester is 
deprotonated to give a stabilized enolate, requiring acidic 
workup in order to regenerate the D-ketoester above. 


(c) This is an example of an intramolecular Claisen 
condensation (called a Dieckmann cyclization). The a 
position of one ester group is deprotonated, and the 
resulting enolate functions as a nucleophile and attacks 
the other carbonyl group within the same structure (the 


other carbonyl group acts as an electrophile). As a 
result, a ring is formed, giving a charged tetrahedral 
intermediate. The carbonyl group is then reformed via 
loss of an ethoxide ion, giving a B-ketoester: 


(0 O 


EtO 


Bülogohile 


[ 
` 


7 


electrophile oy 
Ó OEt 

Under these basic conditions, the  f-ketoester is 

deprotonated to give a stabilized enolate, requiring acidic 

workup in order to regenerate the D-ketoester above. 


21.28. There are two a positions which are not 
equivalent (because of the presence of the methyl group 
at C3). Therefore, either a position (C2 or C6) can be 
deprotonated, followed by an intramolecular attack, 
leading to the following two possible condensation 
products. That is, the cyclization process can either 
result in a bond between C2 and C7 or between C6 and 
Cl. Each product has the usual B-ketoester pattern of 
functional groups: 


EM ME 
Eto” 1 3 Sox C OEt 


1) NaOEt 
2) H4O* (workup) 


21.29. 

(a) The starting material is a ketone, which has two a 
positions. With LDA as the base (at low temperature), 
we expect deprotonation to occur at the less substituted 
site, giving the kinetic enolate. This enolate is then 
treated with methyl iodide to give an Sn2 reaction, 
thereby installing the methyl group at the less substituted 
a position, as shown. 


O 
e O 
KN.AH 
1) LDA, -78°C 
— > 
2) CH3I 
9 


red 


(b) The starting material is a ketone, which has two a 
positions. At room temperature, with NaH as the base, 
we expect deprotonation to occur at the more substituted 
site, giving the thermodynamic enolate. This enolate is 
then treated with benzyl bromide to give an Sx2 reaction, 
thereby installing the benzyl group at the more 
substituted o. position, as shown. 
O 


> 


1) NaH 


H.Px 
2) PhCH2Br 


(c) The starting material is a ketone, which has two a 
positions, although they are equivalent because the 
ketone is symmetrical. Deprotonation at either location 
will lead to the same enolate ion. In the first step, LDA 
functions as a base and deprotonates the ketone to give 
an enolate. This enolate is then treated with ethyl iodide 
to give an Sn2 reaction, thereby installing an ethyl group. 
Subsequent treatment with LDA (at low temperature), 
followed by methyl iodide, installs a methyl group at the 
other (less substituted) o position via the kinetic enolate. 
The net result is the installation of an ethyl group at one 
a position and the installation of a methyl group at the 


other a position: 
A 


i 


9 1) LDA, -78°C 
YLH JE 
3) LDA, -78°C 
4) CHsT 


3 


© 
er 
pw 
PONE / | 
EN 


H 


9 


Pad 


21.30. This transformation does not involve a change in 
the identity or location of the functional group (a 
hydroxyl group), but it does involve a change in the 
carbon skeleton: 
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OH OH 

T To 2 NES 
An ethyl group must be installed, although we have not 
learned a way to do this in one step. A multistep strategy 
is necessary. One strategy for achieving this 
transformation derives from the following retrosynthetic 
analysis. An explanation of each of the steps (a-c) 
follows. 


OH i 9) 
^y 
Oo 


V 
d dz d 


a. The alcohol can be made via reduction of the 
corresponding ketone. 

b. The ethyl group can be installed through alkylation 
of 3-methyl-2-pentanone (via the kinetic enolate). 

c. 3-Methyl-2-pentanone can be made from the 
starting alcohol via oxidation. 


Now lets draw the forward scheme. The starting 
alcohol is oxidized with chromic acid to give 3-methyl- 
2-pentanone. Alternatively, PCC (or DMP) can be used 
to affect the same transformation. The ketone is then 
treated with LDA at low temperature to deprotonate the 
less substituted a position, giving the kinetic enolate. 
Upon treatment with ethyl iodide, an ethyl group is 
installed in the desired location. The resulting ketone is 
then reduced with LiAIH4, followed by aqueous acidic 
workup, to give the product. 


1 ) Na;Cr505, 


OH H5SO4, H20 OH 
2) LDA, -78°C 
PLE Me 
3) EtI 
4) LiAIH4 
5) H30* 
Na;CrjO;, DLAN 
H2504, H20 3 
e e 
1) LDA, -78°C 
———————— 
m 2) Et 


21.31. 
(a) The product is a methyl ketone that has the following 
(highlighted) group connected to the a position: 
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This group can be installed via an acetoacetic ester 
synthesis, using the following alkyl halide: 


OT 

An acetoacetic ester synthesis begins with the 
deprotonation of ethyl acetoacetate (using ethoxide as a 
base). The resulting resonance-stabilized conjugate base 
is then treated with the alkyl halide above, thereby 
installing the alkyl group. Subsequent hydrolysis and 
decarboxylation give the product, as shown. The three 
carbon atoms in the ethyl acetoacetate starting material 


that remain in the product (after decarboxylation) have 
been highlighted: 


0- 0 1) NaOEt 


3) H30", heat 


(b) The product is a methyl ketone that has the following 
two (highlighted) groups connected to the a position: 


(0) 
E 
Each of these groups can be installed via an acetoacetic 
ester synthesis, using the following halides: 


Ca" 


An acetoacetic ester synthesis begins with the 
deprotonation of ethyl acetoacetate (using ethoxide as a 
base). The resulting resonance-stabilized conjugate base 
is then treated with one of the halides above, to install 
one of the two groups. The other group is installed in a 
similar way (deprotonation with a base, followed by 
alkylation). Subsequent hydrolysis and decarboxylation 
give the product, as shown. The three carbon atoms in 
the ethyl acetoacetate starting material that remain in the 
product (after decarboxylation) have been highlighted: 


«1 


O 
ö 1) NaOEt 
" 2) Etl 
4) PhCH;Br 
1) NaOEt 5) H3O^, heat 
2) EtI H30*, heat 
O O O O 
1) NaOEt 
——— 
OEt 2) PhCH;Br Okt 


(c) The product is a methyl ketone that has the following 
two (highlighted) groups connected to the a position: 


ai 


Each of these groups can be installed via an acetoacetic 
ester synthesis, using the following alkyl halides: 


IU 


An acetoacetic ester synthesis begins with the 
deprotonation of ethyl acetoacetate (using ethoxide as a 
base). The resulting resonance-stabilized conjugate base 
is then treated with one of the alkyl halides above, 
thereby installing one of the two alkyl groups. The other 
alkyl group is installed in a similar way (deprotonation 
with a base, followed by alkylation). | Subsequent 
hydrolysis and decarboxylation give the product, as 
shown. The three carbon atoms in the ethyl acetoacetate 
starting material that remain in the product (after 
decarboxylation) have been highlighted: 


oe 


1) NaOEt 
2 Sure e 
3) NaOEt 


oo 


OEt 4) a 


5) H30* , heat 


1) NaOEt H3O*, 
2) heat 
Nw! 
[9] [9] 


or 
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(d) The product is a methyl ketone that has the starting material that remain in the product (after 
following two (highlighted) groups connected to the a decarboxylation) have been highlighted: 
position: 

1) NaOEt 

2) CHsI 


i pu — — 
——— —— Ji 
Q OF al 


" (©) 
Each of these groups can be installed via an acetoacetic 1) NaOEt SEG heat z 
ester synthesis, using methyl iodide and n-butyl iodide, 2) CHyI H30”, heat 
respectively. 
An acetoacetic ester synthesis begins with the o o o o 
deprotonation of ethyl acetoacetate (using ethoxide as a 3) NaOEt 
base). The resulting resonance-stabilized conjugate base 
is "m treated win one of the alkyl halides above, pos d uoc el OEt 


thereby installing one of the two alkyl groups. The other 
alkyl group is installed in a similar way (deprotonation 
with a base, followed by alkylation). Subsequent 
hydrolysis and decarboxylation give the product, as 
shown. The three carbon atoms in the ethyl acetoacetate 


21.32. Comparison of carbon skeletons reveals that three carbon atoms have been introduced in this transformation; 
specifically, carbon atoms 8-10 look like acetone and can be installed using an acetoacetic ester synthesis. 


o o o 
n PISS ep € pt NUN 
6 4 2 10 8 6 4 2 


That makes carbon 8 the a carbon, so carbon 7 will need to have a leaving group. The necessary alkyl halide will be a 
primary halide and a good substrate for the acetoacetic acid synthesis, provided that the COOH group is deprotonated, 
as indicated in the problem statement. 


P E 


oO | i9] 
P ome SE PERS 
ENS © 
o^ Doet ^ 9 


The alkyl halide must be made from the alcohol starting material. The mild reagent PBr3 can be used to convert the 
primary alcohol to a primary bromide. 


PBr. 
o 3 » euet tco die © 
wm Br ENS o 


Putting it all together, we have the following sequence: 


1} CH3NH2 
> 
HO = OH UL is OH 
dz 


4) H3O*, heat 
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21.33. 
(a) The product is a carboxylic acid that has the 
following (highlighted) group connected to the a 
position: 

(0) 


OH 


This group can be installed via a malonic ester synthesis, 
using the following alkyl halide: 


C 


A malonic ester synthesis begins with the deprotonation 
of diethyl malonate (using ethoxide as a base). The 
resulting resonance-stabilized conjugate base is then 
treated with the alkyl halide above, thereby installing the 
alkyl group. Subsequent hydrolysis and decarboxylation 
give the product, as shown. Notice that two of the 
carbon atoms in the starting material (highlighted) 
remain in the product: 
) NaOEt 


; CO 


EtO 3) H3O*, heat 


p 


(b) The product is a carboxylic acid that has the 
following two (highlighted) groups connected to the a 


position: 
oO 
(33i 9 


Both of these groups can be installed via a malonic ester 
synthesis, using the following halides: 


CT 


You might notice that methyl iodide has been chosen, 
rather than methyl bromide. There is a practical reason 
for this choice (methyl iodide is a liquid at room 
temperature, while methyl bromide is a gas, rendering 
the CH3Br more difficult to work with). 

A malonic ester synthesis begins with the deprotonation 
of diethyl malonate (using ethoxide as a base). The 


H3C +1 


resulting resonance-stabilized conjugate base is then 
treated with the one of the halides above (either one), 
thereby installing the first group. The second group is 
installed in a similar way (deprotonation, followed by 
treatment with the second alkyl halide). Subsequent 
hydrolysis and decarboxylation give the product, as 
shown. Notice that two of the carbon atoms in the 
starting material remain in the product (after 
decarboxylation), and these two carbon atoms have been 
highlighted: 


[e 1) NaOEt 
J 2) PhCH, Br 
EtO OEt 3) NaOEt 
1) NaOEt RN Sas 
2)PhCH,Br 9 MsO , hea | H34O*, heat 
y 
o o o o 
EtO OEt EtO OEt 


1) NaOEt 
—————— 
2) CHI 


(c) The product is a carboxylic acid that has two propyl 
groups (highlighted) connected to the a position: 


COOH 


Qa 


Both of these groups can be installed via a malonic ester 
synthesis, using n-propyl iodide. A malonic ester 
synthesis begins with the deprotonation of diethyl 
malonate (using ethoxide as a base). The resulting 
resonance-stabilized conjugate base is then treated with 
n-propyl iodide, thereby installing the first propyl group. 
The second propyl group is installed in a similar way 
(deprotonation, followed by treatment with). Subsequent 
hydrolysis and decarboxylation give the product, as 
shown. Notice that two of the carbon atoms in the 
starting material (highlighted) remain in the product: 


1) NaOEt OH 
[6] [6] 2) ~~ 7l 
Eto OEt 3) NaOEt 
Ae ee 
5) H3O*, heat 
1) NaOEt H3O*, 
[2 Ady heat 


o o 
1) NaOEt 
OEt ——————> go OEt 
2271 


(d) The product is a carboxylic acid that has the 
following two (highlighted) groups connected to the a 
position: 


(0) 


Both of these groups can be installed via a malonic ester 
synthesis, using n-propyl bromide and methyl iodide, 
respectively. The reason for using methyl iodide (rather 
than methyl bromide) was discussed in the solution to 
part (b). 

A malonic ester synthesis begins with the deprotonation 
of diethyl malonate (using ethoxide as a base). The 
resulting resonance-stabilized conjugate base is then 
treated with the one of the alkyl halides above (either 
one), thereby installing the first alkyl group. The second 
alkyl group is installed in a similar way (deprotonation, 
followed by treatment with the second alkyl halide). 
Subsequent hydrolysis and decarboxylation give the 
product, as shown. Notice that two of the carbon atoms 
in the starting material (highlighted) remain in the 
product: 


1) NaOEt 
9 2) CHal 
OH 
EtO Get 3) NaOEt 
4) Pau 
1) NaOEt — 5p. o* heat 
2) CHI H30*, heat 


o o 
Oo Oo [e] [e] 1) NaOEt 
1) NaOEt EtO OEt i Eto OEt 
Eto OEt 2) ~ pr EtO OEt al 
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(e) The product is a carboxylic acid that has the 
following two (highlighted) groups connected to the a 
position: 

(0) 


OH 


Both of these groups can be installed via a malonic ester 
synthesis, using ethyl iodide and isobutyl iodide, 
respectively. 

A malonic ester synthesis begins with the deprotonation 
of diethyl malonate (using ethoxide as a base). The 
resulting resonance-stabilized conjugate base is then 
treated with the one of the alkyl halides above (either 
one), thereby installing the first alkyl group. The second 
alkyl group is installed in a similar way (deprotonation, 
followed by treatment with the second alkyl halide). 
Subsequent hydrolysis and decarboxylation give the 
product, as shown. Notice that two of the carbon atoms 
in the starting material (highlighted) remain in the 
product: 


o 1) NaOEt 
2) EtI OH 
Eto OEt 3) NaOEt 
4) I 
1) NaOEt b d 
2)EH n 
5) H3O*, heat | H30", heat 


21.34. Product 1 is simply the alkylation product of diethylmalonate. Therefore, treatment of diethyl malonate with 
base (sodium ethoxide) followed by methyl iodide affords compound 1. 


(0) 


O 
O 


1) NaOEt 


2) CHal Eto OEt 


The steps leading from 1 to 2 constitute a malonic ester synthesis, where an aryl halide is used instead of an alkyl 
halide, giving a nucleophilic aromatic substitution (rather than a simple Sn2 back-side attack). This effectively installs 
an aryl group onto the malonate derivative (1) rather than installing an alkyl group. Sodium ethoxide serves as the base 
to deprotonate 1 making a nucleophilic enolate. 


[e O o? Ò 
NaOEt we 
Eto OEt —— — ^ Eto OEt 
1 
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1,2-Difluoro-4-nitrobenzene is a very electron-deficient arene that can be attacked by the enolate of 1. Recall that for 
an SnAr reaction to take place, there must be (1) a powerful electron-withdrawing group on the aromatic ring (in this 
case the nitro group), (2) a leaving group (in this case a fluoride) and (3) the leaving group must be either ortho or para 
to the electron-withdrawing group. This third point dictates which fluoride is expelled (the one that is para to the nitro 


group): 


NC 
T F F 
cy 9 £ 4 o9 E 
SS ( F 4) / EtO2C 
Eto OEt F NO — > EtO;C NO —— NO; 
Co Tio: EtO;C 
EtO;C “O 


Resonance-stabilized 
Meisenheimer complex 


You may note that fluoride is not typically a good leaving group. For the SNAr reaction, it turns out that the attack of 
the benzene ring (which breaks aromaticity) is the rate-determining step. For this reason, the leaving group ability is 
much less relevant for SNAr. In fact, the electron-withdrawing nature of fluoride actually increases the rate of SNAr 
(relative to Cl and Br) due to making the benzene ring more electrophilic. 


Finally, the last step uses H3O* and heat to invoke a hydrolysis and subsequent decarboxylation of the arylated 
malonate product. Product 2 is a carboxylic acid as shown below: 


OEt F OH F R 
o > H30* o Heat 
o / N NO% - 0 NO» > Nos 
— Hydrolysis Decarboxylation [0] 
OEt OH OH 3 
21.35. 
(a) The starting material is an a,ßB-unsaturated ketone, CN CN 
which can function as a Michael acceptor (see Table a 
21.2), and the reagent (lithium diethylcuprate) can B 1) EcCuLi 
function as a Michael donor. As such, we expect a 23 HO* 
conjugate addition, thereby installing an ethyl group at 
the B position. Note that the a position is protonated by 
the aqueous workup to give a neutral product: (c) The starting material is an o,B-unsaturated ester, 
which can function as a Michael acceptor (see Table 
fe) O 21.2), and the reagent (lithium diethylcuprate) can 
function as a Michael donor. As such, we expect a 
a 1) EtyCuLi conjugate addition, thereby installing an ethyl group at 


the B position. Note that the a position is protonated by 


2) H30* 
p the aqueous workup to give a neutral product: 
(b) The starting material is an o, -unsaturated nitrile, ie ie 
which can function as a Michael acceptor (see Table " 
21.2) and the reagent (lithium diethylcuprate) can OEt 1) EGCuLi OEt 
function as a Michael donor. As such, we expect a 2) H4O* 
$ A ; ; 3 
conjugate addition thereby installing an ethyl group at B 


the B position. Note that the a position is protonated by 
the aqueous workup to give a neutral product: 


21.36. The starting material has an acidic proton, which is removed upon treatment with a strong base, such as 
hydroxide. The resulting resonance-stabilized conjugate base (a stabilized enolate) functions as a Michael donor and 
attacks the Michael acceptor (an o, -unsaturated ketone). Subsequent acid workup causes protonation to give an enol, 
which tautomerizes to give a ketone, as shown. 
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21.37. 

(a) Recall that the malonic ester synthesis is useful for 
creating carboxylic acids that possess either one or two 
alkyl groups at the a position: 


Therefore, making the desired product via a malonic 
ester synthesis would require installation of the 
following highlighted group: 


MNT 


a 


Installation of this group via alkylation (as seen in 
Section 21.5) would require a tertiary alkyl halide: 


(0) 


"ot 


However, a tertiary alkyl halide will not undergo an Sn2 
reaction because it is too sterically hindered. So this 
method will not work. The problem statement indicates 


O 


O 


that a Michael reaction can be used to achieve the 
desired transformation. That is, we would use an 
electrophile with the same carbon skeleton as the alkyl 
halide above, but the electrophilic position will be the B 
position of an a, f-unsaturated ketone: 


[0] 
pw 
P 


This compound can function as a Michael acceptor, 
thereby allowing the desired transformation, as seen in 
the following synthesis. Notice that two of the carbon 
atoms in the starting material (highlighted) remain in the 
product: 

1) NaOEt 


[9] 
F PFI 


Eto OEt 3) H4O*, heat | 


HO 


(b) As described in the solution to part (a), the conjugate 
base of diethyl malonate can function as a Michael 
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donor. So we must identify the appropriate Michael 
acceptor, shown here: 


"Sw NO? 


The forward scheme is shown here. Notice that two of 
the carbon atoms in the starting material (highlighted) 
remain in the product: 


KUN 


) NaOEt 
2) AL NO 


3) H3O*, heat 


NO 
HO A 


21.38. 

(a) With the following retrosynthetic analysis, we can 
identify the starting reagents necessary to prepare this 
product via a Stork enamine synthesis: 


O O 


mane 


oa 
The forward scheme is shown here. The starting ketone 
is first treated with a secondary amine in acidic 
conditions (with removal of water) to give an enamine. 
This enamine is then used as a Michael donor in a 


Michael reaction with an a,f-unsaturated ketone. 
Aqueous acidic workup gives the desired product. 


(b) With the following retrosynthetic analysis, we can 
identify the starting reagents necessary to prepare this 
product via a Stork enamine synthesis: 


(0) 


The forward scheme is shown here. The starting ketone 
is first treated with a secondary amine in acidic 
conditions (with removal of water) to give an enamine. 
This enamine is then used as a Michael donor in a 
Michael reaction with an a,f-unsaturated ketone. 
Aqueous acidic workup gives the desired product. 


1) RoNH, 
[H7 

CH0) x 
al co 
3) H4O* 


(-H20) 


RoNH, [H*], 
2) H30* 


ee 


Á£ 


(c) With the following retrosynthetic analysis, we can 
identify the starting reagents necessary to prepare this 
product via a Stork enamine synthesis: 


The forward scheme is shown here. The starting ketone 
is first treated with a secondary amine in acidic 
conditions (with removal of water) to give an enamine. 
This enamine is then used as a Michael donor in a 
Michael reaction with an a,f-unsaturated ketone. 
Aqueous acidic workup gives the desired product. 


21.39. With the following retrosynthetic analysis, we 
can identify the starting reagents necessary to prepare 
compound 2 via a Stork enamine synthesis: 


CN 


e S 


Acrylonitrile 


On = On 
1 


The forward scheme is shown here. The starting ketone 1 
is first treated with a secondary amine in acidic 
conditions (with removal of water) to give an enamine. 
This enamine is then used as a Michael donor in a 
Michael reaction with an a,f-unsaturated compound, 
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acrylonitrile, as the Michael acceptor. Aqueous acidic 
workup gives the desired product 2. 


1) RoNH, 
E [H*], (-H20) eN 
O —— [9] 
) Z~cn 5 
R2NH, 3) H30* 
[H*] 1) Zon 
(-H20) 
2) H30* 


( Yo 


Now let's consider the conversion of 2 to 3. You might 
be wondering why a Stork enamine synthesis is used, 
rather than treating compound 2 with LDA, followed by 
an allyl halide. This won't work, because LDA can 
deprotonate the position that is alpha to the cyano group. 
Therefore, a Stork enamine synthesis is required to 
convert 2 to 3. We can identify the starting reagents 
necessary to prepare compound 3 via a Stork enamine as 
a nucleophile and an alkyl halide as an electrophile. 


CN 
— NR; 
| E 
| Oo 
Cu. j 


The forward scheme is shown here. The starting ketone 2 
is first treated with a secondary amine in acidic 
conditions (with removal of water) to give an enamine. 
Note that deprotonation at the less hindered alpha carbon 
is favored to give the less substituted enamine. This 
enamine is then used as a nucleophile in an Sn2 reaction 
with allyl iodide. Aqueous acidic workup gives the 
desired product 3. 


1) RoNH, au 
[H*] (-H20) 
————————— [0] 
; ay Ry 5 / 
R2NH, 3) H30* 
[H] 1) | 

(-H20) SFRS 

CN 2) HO* 

NR2 
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Ketone 3 can be converted into alkene 4 upon treatment 


with a Wittig reagent, and hydrolysis of the cyano group CN  Pha3P—CH? CN 
gives the desired carboxylic acid product 5. In the Oo ——- 

literature synthesis, this hydrolysis step was performed 

under basic conditions (like saponification), and under 3 / 4 / 
those conditions, the product would be deprotonated to 

give a carboxylate ion. Acid workup is necessary in Ties HO 


order to protonate the carboxylate ion and regenerate the 


DES heat 
CO5H 
carboxylic acid. 2 2)H40* 


21.40. In the presence of a strong base, the f)9-dicarbonyl compound is deprotonated, giving a resonance-stabilized 
intermediate (stabilized enolate) which then functions as a Michael donor, attacking the position of the a,f- 
unsaturated ketone in a Michael reaction. The resulting enolate is then protonated, and then subsequently deprotonated 
to give a different enolate (these two steps represent equilibration of the enolates). The new enolate then attacks one of 
the carbonyl groups to initiate an aldol condensation. The resulting alkoxide ion is then protonated by water. 
Subsequent deprotonation and loss of hydroxide gives the product. Notice that water functions as the acid for all 
protonation steps, consistent with basic conditions (strong acids are not measurably present under these conditions). 


Si NU D A Sab da 


tOH oO 
X 
O O 
H 
o2 
\ 
H 
[9] [9] 
O 
o4 
d. a 
4— — — 
Š c 
35: 9 H 
H 
o> 
\ 
H 
[9] 
©.. 
:OH 
Q OF O 
HO S HO” E 
H 
21.41. A Robinson annulation is comprised of a necessary to prepare the desired product via a Robinson 
Michael reaction, followed by an intramolecular aldol annulation, we draw the following retrosynthetic 


condensation. To determine the starting materials analysis: 


| 
yro 


These two steps do not represent two separate reactions. 
A Robinson annulation can be performed in one reaction 
flask, as shown in the following forward scheme: 


NaOH, H20 


H H m 
o o 


21.42. 
(a) The product is 1,5-difunctionalized: 


ie) Oo 


Therefore, we consider preparing the product via a 
Michael reaction, which would require the following 


starting materials: 
[9] fe) o? 
[9] 
= : AA 
Since enolates are not efficient Michael donors, we must 


Not a 
Michael donor 

consider a Stork enamine synthesis (in which we use an 

enamine, rather than an enolate, as a Michael donor). 

The enamine can be made directly from cyclopentanone. 
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The forward scheme is shown here: 


7 1) RoNH, D O 
[H*], (-H20) 
oe 
O 
2) NS 
O 
3) HO* 1) AA 
RoNH, [H*], : 
cO) 2) H30 


ime NR; 


(b) The product is 1,3-difunctionalized: 


(0) o^ 


Therefore, we consider preparing the product via either 
an aldol reaction or a Claisen condensation. In this case, 
a directed aldol addition, followed by methylation of the 
resulting alkoxide ion (in a Williamson ether synthesis), 
gives the desired product: 


e oO o^ 
1)LDA 
2) PhCHO 
3) CH3I 
1)LDA 
2) PhCHO CHsI 
Oo o9 


(c) The product is 1,5-difunctionalized: 


OH 


OH 


Therefore, we consider preparing the product via a 
Michael reaction: 
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OH [e] Oo OH 
os dye ha 3s 


ce 
O 
A m 


Nota 
Michael donor 


This strategy will not work, because it involves the use 
of an enolate, which is not an efficient Michael donor. 
Therefore, we consider a Stork enamine synthesis (in 
which we use an enamine, rather than an enolate, as a 
Michael donor). The enamine can be made directly from 
cyclopentanone. 


OH O [0] 
Oo ow dye 
9) NR5 
< 
EA 


The forward scheme is shown here: 


1) R2NH, [H*], (-H20) 


o as SÅ, OH 


3) H40* 
4) LiAIH4 (2 eq.) 
5) H30* 


1) LiAIH4 (2 eq.) 
RoNH, 2) H30* 


[H*], (-H20) 


21.43. 
(a) The product is 1,3-difunctionalized: 


Therefore, we consider preparing the product via either 
an aldol reaction or a Claisen condensation. In this case, 
an aldol addition reaction can be employed, as shown in 
the following retrosynthetic analysis. 


OH a OH O 
=>> 
OH H 


OH  , o . e 
tu OE eg ke = 


R 


The product can be made via reduction of a f- 
hydroxyaldehyde. 


b. The B-hydroxyaldehyde can be made via an aldol 
addition reaction between two molecules of 
propanal. 


^ 


Propanal can be made via oxidation of 1-propanol 
with PCC (or DMP or via a Swern oxidation). 


Now let's draw the forward scheme. Upon treatment 
with PCC, 1-propanol is oxidized to give propanal. 
Treating propanal with sodium hydroxide then gives a B- 
hydroxyaldehyde (via an aldol addition reaction between 
two molecules of propanal) Reduction with excess 
LiAIH4, followed by aqueous acidic workup, gives the 
product. In this final step of the synthesis, we use excess 
LiAlH4, or at least two equivalents, because one 
equivalent of LiAIH4 is consumed by the existing OH 
group. Alternatively, one equivalent of NaBH can be 
used for this reduction process, since NaBHa is a milder 
reducing agent and will not react with the OH group. 


oH 1) PCC, OH 
Te O Cheb 
 2)NaOH,H;O ou 
3) LiAIH, 
4) H4O* 
pee 1) xs LiAIH4 
CHCh ^ 
2) HO 
NaOH 


A 
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(b) The product is 1,5-difunctionalized: 
UT 


Therefore, we consider preparing the product via a Michael reaction: 


E => tee => H 2 + o 
Z 
o H m 


O9 
Not a 
Michael donor 


This strategy will not work, because it involves the use of an enolate, which is not an efficient Michael donor. 
Therefore, we consider a Stork enamine synthesis (in which we use an enamine, rather than an enolate, as a Michael 
donor). Both the Michael donor and the Michael acceptor can be made from propanal, which can be made from 1- 
propanol via oxidation with PCC (or DMP or via a Swern oxidation): 


i2 E dod 
IV 


H => 
[e] OH 
The forward scheme is shown here: 
1) [H30*], Bro 
2) pyridine e 
(6) 
si din di 
RəNH 
PCC H SA H Z H H o 
CH5Cl; [H*] 2) H30* 
OH o (H20) -—— e 


1) LIAIH, (2 equiv.) 
iis ole o. n 2) H30* 


(c) The product has two imine groups which can be made from the corresponding dicarbonyl compound upon treatment 
with ammonia in acid-catalyzed conditions (with removal of water): 


This dicarbonyl compound is 1,3-difunctionalized and can be made from a f.-hydroxyaldehyde, which can be made 
from propanal via an aldol addition reaction: 
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H H H 2 H 
Y^. m SN tN 
O OQ O OH Oo Oo 


And propanal can be made from 1-propanol via oxidation with PCC (or DMP or via a Swern oxidation). The forward 
scheme is shown here. Notice that the third step of this synthesis employs PCC, rather than chromic acid, to avoid 
oxidation of the aldehyde group. 


1) PCC, CH2Ch i 
> 
2) NaOH, H20 
H N 
: 3) PCC, CHCl ue Ny 
PCC 4) [H'], NH3, (-H20) 

CH;Cl " 

NH3 
4 (-H20) 

H NaOH PCC H 
H20 HCI 
fe] 2 [9] OH C 212 ò ò 
21.44. 


(a) Begin by analyzing (1) the C—C framework of both the reactants and the product and (2) the location and identity 
of the functional groups in the product. Notice that the product exhibits 1,5-functionalization resulting from the 
Michael reaction, as well as 1,3-functionalization resulting from the Claisen-type reaction. 

1,5-difunctionalization 


O 
Qr ra o JT 
+ ROT '" 
Ta ne +EH 
o (e 


C 


1,3-difunctionalization 


The first reactant is a 1,3-dicarbonyl compound which contains an acidic proton that is removed upon treatment with a 
strong base, such as tert-butoxide, to give a stabilized enolate. 


A J t-BuOK 
— 
RO CH M S Aa 


Due to the stability of this enolate, the first step is 1,4-addition (a Michael reaction). The other reactant contains an 
a,B-unsaturated ester capable of participating as a Michael acceptor, giving 1,5-difunctionalization, as shown below. 
Next, notice that a stable 6-membered ring could result if the ketone -CH3 group were deprotonated and the resulting 
enolate attacked the ethyl ester. This is consistent with a Claisen-type condensation which would afford 1,3-diketone. 
As a final step, deprotonation gives a stabilized enolate (there is another location where deprotonation could also occur 
to give a stabilized enolate): 


RO 
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(x O CH; 


(b) Claisen condensations are nucleophilic acyl substitution reactions where the nucleophile is an ester enolate and the 
electrophile is an ester; intramolecular versions are known as Dieckmann condensations. This reaction, however, 
involves a ketone enolate (rather than an ester enolate) attacking an ester in a nucleophilic acyl substitution, so neither 


of these names strictly apply. 


21.45. 

(a) This transformation requires the installation of two 
groups (one at the a position and the other at the p 
position). This can be achieved by treating the a,B- 
unsaturated ketone with lithium dimethylcuprate, thereby 
installing a methyl group and generating an enolate, 
which is then treated with benzyl iodide to install a 
benzyl group: 


1) Me;CuLi 
——————- 


Wc 


(b) This transformation requires the installation of two 
methyl groups (one at the a position and the other at the 


P position), as well as reduction of the aldehyde group. 
Installation of the two methyl groups can be achieved by 
treating the a,f-unsaturated ketone with lithium 
dimethylcuprate, followed by methyl iodide. Reduction 
is then achieved with LiAIH4, followed by aqueous 
acidic workup. 


O 
1) MesCuLi 
H 2) Mel 
——- OH 
3) LiAIH4 
4) H3O* 
o 1) LIAIH4 
2) H30* 
1) Me;CuLi H 
2) Mel 
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(c) The desired transformation requires the installation of 
two alkyl groups (one at the a position and the other at 
the B position), as well as conversion of the aldehyde 
group into an acid chloride. The acid chloride can be 
prepared from a carboxylic acid, which, in turn, can be 
prepared by oxidation of the corresponding aldehyde, as 
shown in the following retrosynthesis: 


9) 9) i9) 
=> => 
Cl OH H 
Continuing the retrosynthesis, this aldehyde can be made 
from the given starting, with the installation of two alkyl 


groups: 
Et;CuLi 


d emus We od 
H AS 
+ 


Now let’s draw the forward process. Installation of the 
two alkyl groups can be achieved by treating the a,ß- 
unsaturated aldehyde with lithium diethylcuprate, 
followed by methyl iodide. The aldehyde is then 
converted into an acid halide via oxidation with chromic 
acid (to give a carboxylic acid) followed by treatment 
with thionyl chloride. 


[e] 1) EGCuLi 
eek 2)Mel 
x H 3)Nascr0, NasCr07 
H2504, H2O 
4) SOCI, 
1) Et,CuLi 
2) Mel SOCI? 
O O NaCnO; 
^ HSO.H;0 — H2O 


Note than the acid chloride group is formed at the end of 
the synthesis, because if it were formed in the beginning 
of the synthesis, then lithium diethylcuprate would react 
with the acid chloride group. 


(d) If the acetal is hydrolyzed with aqueous acid, the 
resulting a,f-unsaturated ketone can be treated with 
lithium diethylcuprate, followed by ethyl iodide, to 
install the two ethyl groups in the correct locations. The 
ketone can then be converted back into an acetal upon 
treatment with ethylene glycol under acidic conditions 
(with removal of water). 


FX 
O 


O 1) H30* Ur 
2) EtyCuli oe 
3) Ed 
4) HOCH;CH;OH 
HOCH;CH;OH 
[H*], CH20) 


| , THY, H20} 
H30 
oO 


OA OC 


(e) The imine can be prepared from the corresponding 


aldehyde: 
H 
Ph An 


This aldehyde can be made from an a,f-unsaturated 
aldehyde, with installation of a phenyl group at the f 
position and installation of a methyl group at the a 
position): 


1) E&CuLi 
2) Etl 


p. = wh, 


The o,f-unsaturated aldehyde can be made from the 
starting material via oxidation with PCC (or DMP or via 
a Swern oxidation). The entire synthesis is summarized 
here: 

1) PCC, CH2Cly 


2) Ph;CuLi 
Ws 7 
X^ COH 3) Mel Ph N 
4) MeNH> 
PCC, [H*], (C H20) TENE 
CH5CI ENTIA 
s [H*], CHO) 
iS 1) Ph;CuLi iS 
— o 
H Ph H 


(£) This problem is similar to the previous problem, 
although the final step is reduction of the aldehyde with a 
Clemmensen reduction to give an alkane. 


1) PCC, CH2Cle 
2) Me;CuLi 

3) MeI 

4) HCI, Zn(Hg), 


cr" 


PCC, heat HCI, 
CH2Cl2 Zn(Hg), 
heat 
OT H 1) Me;Culi cv 
2) Mel 
Ò [9] 


21.46. This transformation requires the installation of 
two groups (one at the a position and the other at the p 
position). This can be achieved by treating the a,f- 
unsaturated carbonyl with lithium  dimethylcuprate, 
thereby installing a methyl group and generating an 
enolate, which can then be treated with allyl iodide to 
install an allyl group at the a position, as shown below: 


[9] [9] 
MeO 
Ph 
1) Me;CuLi 
See 
Me © IL 
Meo 
i N [9] 
T 
Ph 


21.47. 

(a) Deprotonation (of the highlighted proton) results in a 
resonance-stabilized enolate ion. Therefore, the 
highlighted proton is the most acidic proton (with a pKa 
just below 20), because its removal leads to a stabilized 
conjugate base. 
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o 
Og 
(b) This compound does not have an acidic proton, and 
is expected to have a pKa above 20. 


i9) 
en 
(c) Deprotonation (of the highlighted proton) results in a 
resonance-stabilized enolate ion. Therefore, the 


highlighted proton is the most acidic proton (with a pKa 
just below 20), because its removal leads to a stabilized 


conjugate base. 
(0) 
G~ H 


(d) Deprotonation (of the highlighted proton) results in a 
resonance-stabilized conjugate base (a stabilized 
enolate). Therefore, the highlighted proton is the most 
acidic proton (with a pKa below 20), because its removal 
leads to the most stable conjugate base possible. 


H 
bs 
(e) Deprotonation (of the highlighted proton) results in 
an alkoxide ion. As such, the compound below is 


expected to have a pKa lower than 20 (see the pKa table 
at the beginning of the textbook). 


LH 
CY 


21.48. The most acidic proton is connected to the position that is a to two carbonyl groups (in between both carbonyl 
groups). Deprotonation at this location leads to a resonance-stabilized conjugate base in which the negative charge is 
spread over two oxygen atoms and one carbon atom. As such, the compound below is expected to have a pKa lower 


than 10 (see the pKa table at the beginning of the textbook) 


H 
Oo. S e 


9 
Gs nee = 


26 oy Os i P 
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21.49. 

(a) The most acidic proton is connected to the position that is a to both carbonyl groups (in between both carbonyl 
groups). Deprotonation at this location leads to a resonance-stabilized conjugate base in which the negative charge is 
spread over two oxygen atoms and one carbon atom). 


e C Li > . LI 
Ue OEt OEt OEt 
(b) The most acidic proton is connected to the position that is a to both carbonyl groups (in between both carbonyl 


groups). Deprotonation at this location leads to a resonance-stabilized conjugate base in which the negative charge is 
spread over two oxygen atoms and one carbon atom). 


C6: Ow Ò ir 
ÁN 
on. on 
<> 


(c) The most acidic proton is connected to the position that is a to the carbonyl group as well as the cyano group (in 
between both groups). Deprotonation at this location leads to a resonance-stabilized conjugate base in which the 
negative charge is spread over an oxygen atom, a nitrogen atom and a carbon atom). 


YS tt 
el 


S. 


as VN ? i 
[N C7 c^ 
= 


21.50. The most acidic compound is the one that exhibits a position that is a to three carbonyl groups (deprotonation 
of this compound gives a conjugate base in which the negative charge is spread over three oxygen atoms and one 
carbon atom). The next most acidic compound is the one that exhibits a position that is a to two carbonyl groups 
(deprotonation of this compound gives a conjugate base in which the negative charge is spread over two oxygen atoms 
and one carbon atom). Of the remaining two compounds, an alcohol is generally more acidic than a ketone (see the pKa 
table at the beginning ofthe textbook). 


Increasing acidity 
O [9] O (0; i9) 


MoH 


21.51. 
(a) This enol does not exhibit a significant presence at 
equilibrium. Ketones are generally favored at 


equilibrium. 
CY 


Ze 


(b) The following enol does exhibit a significant 
presence at equilibrium because it exhibits conjugation 
as well as intramolecular hydrogen bonding (between the 
oxygen atom of the carbonyl group and the proton of the 
OH group): 


(c) The following enol does indeed exhibit a significant 
presence at equilibrium, because it is aromatic. 


OH 


In fact, in this case, the ketone does not exhibit a 
significant presence at equilibrium. The aromatic ring is 
so strongly favored, that we cannot detect the ketone 
present in the mixture. 


21.52. Ethyl acetoacetate has two carbonyl groups: 


Oo. © 
no M 


One of them (left) has only one a position and can 
therefore only form one enol: 


OH O 


ee ER 


The other carbonyl group (right) has two a positions and 
can therefore form two different enols: 


In total, there are three enol isomers. 
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21.53. 

(a) This compound has only one a position. LDA is a 
strong base and it will deprotonate the compound (at the 
a position), resulting in the following enolate. 


o 

IP Ear 
ZA 

H 


e 


(b) This compound has only one a position. LDA is a 
strong base and it will deprotonate the compound (at the 
a position), resulting in the following enolate. 


o 
Ow oO 
PW s pu 
xX OEt OEt 
o 


(c) This compound has two a positions. LDA is a 
strong, sterically hindered base, so deprotonation will 
occur at the less substituted position. Deprotonation at 
that position results in the following kinetic enolate: 


e o9 


21.54. Deprotonation at the highlighted y position results in an enolate anion that has three resonance structures. The 
negative charge is spread over one oxygen atom and two carbon atoms: 


NN ia di 
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21.55. Deprotonation at the a carbon changes the 
hybridization state of the a carbon from sp? (tetrahedral) 
to sp? (planar). When the a position is protonated once 
again, the proton can be placed on either side of the 
planar a carbon, resulting in racemization: 


Oo 
H 
NaOH "Me 
(R) 
O.. ZOx 
:OH HM H 


Sd: 
e 
Me Me 
m z— 


21.56. In acidic conditions, the carbonyl group is first 
protonated, resulting in a resonance-stabilized cation that 
is deprotonated at the a position to give an enol. The 
enol is then protonated at the a position, followed by 
deprotonation. Once again, racemization occurs because 
the chiral center becomes planar (achiral) when the enol 
is formed. Subsequent tautomerization back to the 
ketone allows for protonation to occur on either face of 
the planar enol, giving a racemic mixture. 


“O° 
H 
“Mle 
(R} 
H 
o 
H^'^H 
\ 
H 
AH 5P 9. 
eo H^Ó^H D 
H 
Me 


21.57. Each of the starting aldehydes has an a position 
that can be deprotonated, giving two possible enolates: 


o 
o9 Oo 
pos WARN, 
Enolate of Enolate of 
acetaldehyde pentanal 


So, there are two nucleophiles in solution, as well as two 
electrophiles (acetaldehyde and pentanal), giving rise to 
the following four possible products (the top two are the 
result of self aldol reactions, and the bottom two are 
produced by mixed aldol reactions). In each case, a 
wavy line is used to indicate the bond that was formed as 
a result of the aldol addition reaction: 


HO H O HO H O 
pp boi. 
HO H O HO H O 
AS EAS, 


21.58. Hexanal has an a position that bears protons, but 
the a position of benzaldehyde does not bear any 
protons. As such, only one enolate can form under these 
conditions: 


Enolate of hexanal 


This enolate nucleophile is present in solution together 
with two carbonyl electrophiles (hexanal and 
benzaldehyde), giving rise to the following two possible 
products. In each case, a wavy line is used to indicate 
the bond that was formed as a result of the aldol addition 
reaction: 


HO H 9 HO H 9 


d douter 
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21.59. The mechanism begins with a two-step tautomerization process to form an enol. The carbonyl group is 
protonated, giving a resonance-stabilized intermediate that is then deprotonated to give an enol. A second, two-step 
tautomerization process results in the observed product. Protonation of the enol results in a resonance-stabilized, 
benzylic carbocation intermediate that is then deprotonated to give the product. 

In the product, the carbonyl group and the aromatic ring are conjugated. However, in the starting material, the carbonyl 
group and the aromatic ring are not conjugated. Formation of conjugation results in stabilization (a decrease in energy) 
which serves as a driving force for formation of the product. 


OH 


21.60. The mechanism begins with a two-step tautomerization process to form an enol. Hydroxide functions as a base 
and deprotonates the a position, giving a resonance-stabilized enolate (only the more significant resonance structure is 
drawn below) that is protonated to give an enol. A second, two-step tautomerization process results in the observed 
product. The enol is then deprotonated to give another enolate ion, which is then protonated to give the product. 


LH 
Ho, H WEN PR e os 
v. “OH 


KN 

HAJ ^H SN 
or OH 

©. 
:OH 

(0) 
Cx 
21.61. the oxygen atom, and we replace them with a double 


(a) This compound (acetophenone) has only one a bond. The dashed line illustrates the new carbon-carbon 
position that bears protons. Two molecules of the ketone bond being formed, between the nucleophilic alpha 
are redrawn such that two a protons of one molecule are carbon (enolate) and the electrophilic carbonyl carbon. 
directly facing the carbonyl group of another molecule In this case, two stereoisomeric products are possible, 


(highlighted). We then remove the two a protons and and we draw the E isomer, rather than the Z isomer, 
because the former has fewer steric interactions. 
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(b) This compound is an aldehyde, so there is only one a 
position. Two molecules of the aldehyde are redrawn 
such that two a protons of one molecule are directly 
facing the carbonyl group of another molecule 
(highlighted). We then remove the two a protons and 
the oxygen atom, and we replace them with a double 
bond. The dashed line illustrates the new carbon-carbon 
bond being formed, between the nucleophilic alpha 
carbon (enolate) and the electrophilic carbonyl carbon. 
In this case, two stereoisomeric products are possible, 
and we draw the isomer that exhibits fewer steric 
interactions. 


(c) This compound is an aldehyde, so there is only one a 
position. Two molecules of the aldehyde are redrawn 
such that two a protons of one molecule are directly 
facing the carbonyl group of another molecule 
(highlighted). We then remove the two a protons and 
the oxygen atom, and we replace them with a double 
bond. The dashed line illustrates the new carbon-carbon 
bond being formed, between the nucleophilic alpha 
carbon (enolate) and the electrophilic carbonyl carbon. 
In this case, two stereoisomeric products are possible, 
and we draw the isomer that exhibits fewer steric 
interactions. 


I 
N 

| 
o * 


21.62. Trimethylacetaldehyde does not have any a 
protons, and therefore, a base cannot deprotonate the a 
position (the first step of an aldol reaction). As such, this 
compound cannot undergo an aldol reaction. 


O 
oe 
21.63. 


(a) First identify the carbon-carbon bond (disconnected 
in the retrosynthesis below) that is formed as a result of 
an aldol condensation. This double bond must have been 
formed via the loss of two hydrogen atoms and an 
oxygen atom. The f position of the condensation 
product must have originally been a carbonyl group in 
the starting material: 


(b) First identify the carbon-carbon bond (disconnected 
in the retrosynthesis below) that is formed as a result of 
an aldol condensation. This double bond must have been 
formed via the loss of two hydrogen atoms and an 
oxygen atom. The f position of the condensation 
product must have originally been a carbonyl group in 
the starting material: 


Ho 
H H — a Hi 


=o ^ 
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(c) First identify the carbon-carbon bond (disconnected oO 

in the retrosynthesis below) that is formed as a result of P 

an aldol condensation. This double bond must have been x H 

formed via the loss of two hydrogen atoms and an N 

oxygen atom. The f position of the condensation Oo Oo 

product must have originally been a carbonyl group in n H 

the starting material: H JA 
H 


21.64. In acidic conditions, the nucleophilic agent must be an enol, rather than an enolate, because enolate ions are 
fairly basic and are therefore incompatible with acidic conditions. Therefore, the mechanism begins with a two-step 
tautomerization process. In the first step, the carbonyl group is protonated, giving a resonance-stabilized intermediate, 
which is then deprotonated at the a position to give an enol. The enol then functions as a nucleophile and attacks 
another protonated carbonyl group. The resulting resonance-stabilized cation is then deprotonated to give the aldol 
addition product. 


21.65. 

(a) In acidic conditions, the nucleophilic agent must be an enol, rather than an enolate, because enolate ions are fairly 
basic and are therefore incompatible with acidic conditions. The reaction still occurs at the a position, installing a 
bromine atom at that position (a-halogenation), giving the following product. 


Bi o Br; o o 


JL I —À—- 
Eto oet MO Eto OEt 
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(b) The mechanism begins with a two-step tautomerization process. In the first step, the carbonyl group is protonated, 
giving a resonance-stabilized intermediate, which is then deprotonated at the a position to give an enol. The enol then 
functions as a nucleophile and attacks molecular bromine (Br2). The resulting resonance-stabilized cation is then 


deprotonated to give the product. 


(c) The product is expected to be more acidic than diethyl malonate because of the inductive effect of the bromine 
atom, which stabilizes the negative charge in the conjugate base. 


21.66. Cinnamaldehyde is an a,f-unsaturated aldehyde, 
so it can be made via an aldol condensation. To 
determine the starting materials necessary, first identify 
the carbon-carbon bond (disconnected in the 
retrosynthesis below) that is formed as a result of an 
aldol condensation. This double bond must have been 
formed via the loss of two hydrogen atoms and an 
oxygen atom. The f position of the condensation 
product must have originally been a carbonyl group in 
the starting material: 


oT 
cr p 


H 
Therefore, cinnamaldehyde can be made from 


benzaldehyde and acetaldehyde, as shown: 
O 


21.67. 

(a) The a position of one molecule of the ester is 
deprotonated, and the resulting enolate functions as a 
nucleophile and attacks the electrophilic carbonyl group 
of another molecule of the ester. As a result, a carbon- 
carbon bond is formed, giving a charged tetrahedral 
intermediate. The carbonyl group is then reformed via 
loss of an ethoxide ion, affording a f-ketoester, as 
shown: 


OEt 


This product is deprotonated under the conditions of its 
formation, which is the reason for the acid workup after 
the reaction is complete (to regenerate the neutral 
product). 


(b) The a position of one molecule of the ester is 
deprotonated, and the resulting enolate functions as a 
nucleophile and attacks the electrophilic carbonyl group 
of another molecule of the ester. As a result, a carbon- 
carbon bond is formed, giving a charged tetrahedral 
intermediate. The carbonyl group is then reformed via 
loss of an ethoxide ion, affording a f-ketoester, as 
shown: 


70: OEt O 
Ph le LAB Ph eS 
OEt OEt 


This product is deprotonated under the conditions of its 
formation, which is the reason for the acid workup after 
the reaction is complete (to regenerate the neutral 
product). 


21.68. 
(a) The product is a carboxylic acid that has the 
following (highlighted) group connected to the a 


position: 
[e] 


This group can be installed via a malonic ester synthesis, 
using benzyl bromide: 


C 


A malonic ester synthesis begins with the deprotonation 
of diethyl malonate (using ethoxide as a base). The 
resulting resonance-stabilized conjugate base is then 
treated with benzyl bromide, thereby installing the alkyl 
group. Subsequent hydrolysis and decarboxylation give 
the product, as shown. Notice that two of the carbon 
atoms in the starting material (highlighted) remain in the 


pd 
— o 
2) PhCH2Br 


3) H30*, heat 
p eee heat 


2) PhCHsBr EtO 
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(b) The product is a carboxylic acid that has two methyl 
groups (highlighted) connected to the a position: 


(0) 


Each of these groups can be installed via a malonic ester 
synthesis, using methyl iodide. The reason for using 
methyl iodide (rather than methyl bromide) was 
discussed in the solution to Problem 21.31b. 

A malonic ester synthesis begins with the deprotonation 
of diethyl malonate (using ethoxide as a base). The 
resulting resonance-stabilized conjugate base is then 
treated with methyl iodide, thereby installing the first 
methyl group. The second methyl group is installed in a 
similar way (deprotonation, followed by treatment with 
methyl iodide). Subsequent hydrolysis and 
decarboxylation give the product, as shown. Notice that 
two of the carbon atoms in the starting material remain in 
the product (after decarboxylation), and these two carbon 
atoms have been highlighted: 


1) NaOEt 
fe) 
20H] 
tO OEt 3) ~3)NaOEt 
4) CH3I 
1) NaOEt 5) H30*, heat 
2) CH4I H30*, 
heat 
_1)NaOEt © Oo oO 


2) 26H . 
EtO OEt 


(c) The product is a carboxylic acid that has two benzyl 
groups (highlighted) connected to the a position: 


Al C 
a 


Each of these groups can be installed via a malonic ester 
synthesis, using benzyl bromide. 

A malonic ester synthesis begins with the deprotonation 
of diethyl malonate (using ethoxide as a base). The 
resulting resonance-stabilized conjugate base is then 
treated with benzyl bromide, thereby installing the first 
benzyl group. The second benzyl group is installed in a 
similar way (deprotonation, followed by treatment with 
benzyl bromide). Subsequent hydrolysis and 
decarboxylation give the product, as shown. Notice that 
two of the carbon atoms in the starting material 
(highlighted) remain in the product: 
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1) NaOEt OH 
o 2) PhCH;Br 
—— E 
EtO oet 3) NaOEt Ph 
4) PhCHaBr 
1) NaOEt 5) H30*, heat H3O*, 
2) PhCH;Br heat 
Y 
oO o Oo o 
EtO oe E^ "X^ "ot 
t LÀ Et 
PhCH 
2) PheHaBr | a Ph 
Ph 
21.69. 


(a) The product is a methyl ketone that has a benzyl 
group (highlighted) connected to the a position: 


- VAN 


a 


This group can be installed via an acetoacetic ester 
synthesis, using benzyl bromide. 

An acetoacetic ester synthesis begins with the 
deprotonation of ethyl acetoacetate (using ethoxide as a 
base). The resulting resonance-stabilized conjugate base 
is then treated with benzyl bromide, thereby installing a 
benzyl group. Subsequent hydrolysis and decarboxyl- 
ation gives the product, as shown. The three carbon 
atoms in the ethyl acetoacetate starting material that 
remain in the product (after decarboxylation) have been 
highlighted: 


— o 
EtO 2) PhCHBr Ph 


3) H30*, heat 


1) NaOEt 9 0 heat 


2) PhCHoBr Eto 


Ph 


(b) The product is a methyl ketone that has two methyl 
groups (highlighted) connected to the a position: 


Ó 
\ 
Each of these groups can be installed via an acetoacetic 
ester synthesis, using methyl iodide to install each 
methyl group. 
An acetoacetic ester synthesis begins with the 
deprotonation of ethyl acetoacetate (using ethoxide as a 


base). The resulting resonance-stabilized conjugate base 
is then treated with methyl iodide, thereby installing the 


first methyl group. The second methyl group is installed 
in a similar way (deprotonation with a base, followed by 
alkylation). Subsequent hydrolysis and decarboxylation 
give the product, as shown. The three carbon atoms in 
the ethyl acetoacetate starting material that remain in the 
product (after decarboxylation) have been highlighted: 


1) NaOEt 
(0) oO 
OEt 3) NaOEt 
4) Mel 
" 
1) NaOEt 5) H3O^ , heat Hao 
2) MeI heat 
(0) (0) (0) oO 
1) NaOEt 
——————— 
OEt 2) Mel OEt 


(c) The product is a methyl ketone that has the following 
two (highlighted) groups connected to the a position: 


[9] 
Ac 
a 


Each of these groups can be installed via an acetoacetic 
ester synthesis, using the following halides: 


Ca" 


An acetoacetic ester synthesis begins with the 
deprotonation of ethyl acetoacetate (using ethoxide as a 
base). The resulting resonance-stabilized conjugate base 
is then treated with one of the halides above, to install 
one of the two groups. The other group is installed in a 
similar way (deprotonation with a base, followed by 
alkylation). Subsequent hydrolysis and decarboxylation 
give the product, as shown. The three carbon atoms in 
the ethyl acetoacetate starting material that remain in the 
product (after decarboxylation) have been highlighted: 


aS 1 


1) NaOEt 
T " 2) Et 9 
———————— 
OEt 3)NaOEt 
4) PhCH;Br 
+ 
1) NaOEt 5) H307, heat no 
2) EtI 3 
heat 


1) NaOEt 


9) oO ie) oO 
———————- 
2 : i 
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21.70. Protonation of the isolated x bond gives a tertiary carbocation, which is then deprotonated to give a fully 
conjugated system. Next, tautomerization of the ketone to an enol completes the mechanism (a two-step process). 
Protonation of the carbonyl group then gives a resonance-stabilized cation (there are two additional significant 
resonance structures that have not been drawn). This intermediate is then deprotonated to generate aromaticity, which 
is the driving force for this process. 


H PR 
(6) ii (6) e “O° 
e 
A 
H 
H 
el 
H^'^H 
ZH @.-H 


21.71. The reaction conditions suggest an aldol condensation. This compound has three a positions. During an aldol 
condensation, one of the a positions must be deprotonated to give an enolate, which will attack the other carbonyl 
group (in an intramolecular process). But we must decide which of the three possible enolates gives rise to the product, 
as all three possible enolates are expected to be present at equilibrium. If either of the interior a positions is 
deprotonated to give an enolate ion, the resulting intramolecular attack would generate a four-membered ring: 


co O e >) 
4 4 


However, the third enolate can participate in an intramolecular attack that gives a six-membered ring: 


i9) oy 
6 


Formation of a six-membered ring is favored over formation of a four-membered ring, because a six-membered ring is 
relatively strain-free, while a four-membered ring is highly strained (and therefore higher in energy). 

Now that we have identified which carbon-carbon bond will be formed during an intramolecular aldol condensation, 
we can draw the product by removing the following two highlighted a protons and the oxygen atom, and we replace 
them with a double bond, giving a product with the molecular formula C12H120: 


O O 
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21.72. This transformation requires the installation of a 
methyl group at a B position: 


ua c e 


Qa 


We did not learn a way to install a group at the 
p position of a saturated ketone, however, we did learn a 
way to install a methyl group at the B position of an a,ß- 
unsaturated ketone (by conjugate addition of a dialkyl- 
cuprate): 


This a,B-unsaturated ketone can be prepared from the 
starting material via bromination at the a. position under 
acidic conditions, thereby installing a leaving group, 
which can then be removed in an elimination process 
upon treatment with a base (pyridine): 


The forward scheme is shown here: 


oO oO 
TO Hole AAA 


2) pyridine 
3) MesCuLi 
4) H30* 
[H30*], Bro 1) Me;CuLi 
2) H30* 
O O 

RU pyridine LN 

————— p 


Br 


As mentioned so many times throughout this entire 
course, there are often multiple correct solutions to a 
synthesis problem. For example, in this case, the desired 
transformation can be achieved using several reactions 
from previous chapters. The starting ketone can be 
converted into an ester via a Baeyer-Villiger oxidation, 
followed by hydrolysis to give propanoic acid. This acid 
can then be converted to an acid chloride upon treatment 
with thionyl chloride, followed by conversion to the 
product upon treatment with lithium 
di-n-propylcuprate: 


[9] [9] 
Sodio Red SAA 
2) HO* 
3) SOC 
RCO3H 4) n-Pr;CuLi 


| n-Pr;CuLi 
i9) 


sus 
H30* Wo 


OH 
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21.73. The ester is converted into a f-ketoester via a crossed Claisen condensation. Upon treatment with aqueous acid 
at elevated temperature, the ester group is hydrolyzed and the resulting B-ketoacid (not drawn below) undergoes 
decarboxylation to give acetophenone. A crossed aldol condensation (with formaldehyde) gives an o,B-unsaturated 
ketone. Treating the a,B-unsaturated ketone with lithium diethylcuprate, followed by water workup, installs an ethyl 


group at the B position, and removes the unsaturation between the a and f positions. 


Another crossed aldol 


condensation (with formaldehyde again) gives the final product. 


E LDA 
OEt 
o9 
OEt 1) A OEt 
> 
2) H30* 
NaOH, H20 
L 
H H 
heat 
21.74. 
(a) The starting material is a methyl ketone, and the 
reagents indicate a haloform reaction, giving a 
carboxylic acid: 
(0) (0) 
1) NaOH, xs I; OH 
——————— 
2) H30* 
) Hs + CHI, 


(b) The starting material is a ketone, and the reagents 
indicate a-bromination, which will only occur at an 
a position that bears protons. In this case, there is only 
one such position. Under these conditions, a bromine 
atom is installed at this a position, to give the following 
product: 

(0) (0) 


Br 
Bro 


— > 
CHCOOH 


(c) The starting material is a ketone, and the reagents 
indicate an aldol condensation. The starting ketone has 
only one a position that bears protons, and the reaction 
occurs at this location. To draw the product, two 
molecules of the ketone are redrawn such that two 
a protons of one molecule are directly facing the 


iS) [e 
à 
OEt H3O 
————- 
heat 
NaOH, H2O 
AL 
H^ ^H 
heat 
„ DEt — Et;CuLi cy 
2) HO* 


carbonyl group of another molecule (highlighted). We 
then remove the two a protons and the oxygen atom, and 
we replace them with a double bond. In this case, two 
stereoisomers are possible, so we draw the product with 
fewer steric interactions: 


PON 
21.75. This transformation represents a retro-aldol 
reaction, which occurs via a mechanism that is the 
reverse of an aldol condensation (all the same 
intermediates, but in reverse order). First a hydroxide 
ion functions as a nucleophile and attacks the 
electrophilic B position of the o; p-unsaturated ketone (a 
conjugate addition). The resulting enolate is then 


protonated to give a p-hydroxyketone. Deprotonation 
gives an alkoxide ion, which then reforms a carbonyl 
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group by expelling an enolate ion as a leaving group. 
This enolate ion is then protonated to give 
cyclohexanone. Notice that water is the proton source 
for the protonation steps, consistent with basic conditions 
(strong acids, such as hydronium ions, are not 
measurably present under these conditions). 


NaOH, H20 


21.76. 

(a) Upon treatment with aqueous acid, each of the four 
ester groups is hydrolyzed, giving a compound with four 
carboxylic acid groups, shown here: 


(0) (0) (0) 


(0) (0) (0) 


Each of these four carboxylic acid groups is B to a 
carbonyl group, and will therefore undergo 
decarboxylation upon heating. This gives the dione 
shown below, as well as four equivalents of ethanol 
(from hydrolysis) and four equivalents of carbon dioxide 
(from decarboxylation): 


o O 
Eto; 


EtO;C 
(0) (0) 
(b) The starting material is a diester. Upon treatment 


with ethoxide, an intramolecular Claisen condensation 
(followed by acid workup) gives a f-ketoester via 


formation of a ring. Upon heating with aqueous acid, the 

B-ketoester is hydrolyzed to a B-ketoacid (not shown), 

which then undergoes decarboxylation (under the 

conditions of its formation) to give the ketone shown 

below. Notice that the configuration of each chiral 

center remains unchanged because the chiral centers are 
3) HaO*, 


not involved in the reaction. 
Clee 
SOM heat 


1) NaOEt H4O* 
2) HO* heat 


1) NaOEt 
2) H30* 


dr adii (workup) 


(workup) 


(c) The starting material is an unsymmetrical ketone. 
Treatment with bromine in aqueous acidic conditions 
gives a-bromination, which is expected to occur at the 
more substituted position. Subsequent treatment of the 
resulting a-bromoketone with pyridine (a base) gives an 
elimination reaction to afford an o. .-unsaturated ketone. 
Treatment of the o,f-unsaturated ketone with lithium 
diethylcuprate, followed by methyl iodide, achieves the 
installation of an ethyl group at the B position and a 
methyl group at the a position: 


(6) 1) [H*] , Bro Oo 


pyridine 

3) EtəCuLi 

4) Mel 

1) EtgCuLi 
2) MeI 


O Oo 


pyridine 
————— 


Br 


(d) The starting material is an unsymmetrical ketone, and 
LDA is a strong, sterically hindered base. At low 
temperature, LDA will irreversibly deprotonate the 
ketone at the less substituted a position to give the 
kinetic enolate. Subsequent treatment of the enolate with 
ethyl iodide will install an ethyl group at this a position: 


i9) i9) 
1) LDA, -78°C 


————— 


2) Etl 


21.77. 

(a) One strategy for achieving the desired transformation 
derives from the following retrosynthetic analysis. An 
explanation of each of the steps (a-d) follows. 


O oO O 
a b 
=> o; 
O O 
O 0 d OE 
P ee i 
Eto OEt 


a. The product can be made from 2-methylcyclo- 
hexanone via alkylation of an a position (with LDA 
as the base, to control the regiochemical outcome). 

b. 2-Methylcyclohexanone can be made from 
cyclohexanone via alkylation of an a position. 

c. Cyclohexanone can be made from a f)-ketoester via 
hydrolysis and subsequent decarboxylation. 

d. The f-ketoester can be made from the starting 
material via a Dieckmann cyclization. 


Now let's draw the forward scheme. Treating the starting 
diester with ethoxide, followed by acid workup, gives a 
p-ketoester via a Dieckmann cyclization. Upon 
treatment with aqueous acid and heat, the B-ketoester is 
hydrolyzed to give a B-keto acid, which then undergoes 
decarboxylation to give cyclohexanone. Two subsequent 
alkylation processes will install the two methyl groups. 
The choice of base in the first alkylation is not so critical, 
because cyclohexanone is symmetrical (both a positions 
are equivalent). But during the second alkylation 
process, LDA must be used at low temperature, in order 
to install the methyl group at the less substituted a 
position (via the kinetic enolate). 


1) NaOEt 

2)H40* fe 
(workup) 

3) H3O*, heat 


o o 
— 
S 4) LDA 
5) Mel 
6) LDA, 
-78°C A 
7) Mel -78°C 


1) NaOEt 
2) H4O* (workup) 


O [9] 2) Mel 


CI ) LDA ey 
E m 


Alternatively, and perhaps more efficiently, installation 
of the first methyl group can be performed immediately 
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after the Dieckmann cyclization (before hydrolysis and 
decarboxylation). In this way, the anionic product of the 
Dieckmann cyclization (without acid workup) is used as 
a nucleophile to attack methyl iodide in an Sn2 process, 
thereby installing the first methyl group, as shown. 


O 
1) NaOEt 
2)MeI 
3) HO", 
heat 
4)LDA 


NaOEt pis 1) LDA, 
5) Mel 


-78°C 
2) Mel 


(b) The product can be made via two successive aldol 
condensation reactions, one of which is intramolecular 
and the other is intermolecular: 


o [e| 
Ph 
Ph Ph Ph 
— H H 
o 
Ph Ph m 
VA Ph 


Ph Ph 


The entire transformation can be achieved in one 
reaction flask, by treating the starting material with the 
dione above in basic conditions. 
(0) 
o NaOH, H20 


heat 
O Oo 
M Ph Ph 


Ph Ph 


Ph Ph 


(c) The product is 1,5-difunctionalized: 
(0) (0) 
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Therefore, we consider preparing the product via a 
Michael reaction: 


pres 


Nota 
Michael donor 


- 


This strategy will not work, because it involves the use 
of an enolate, which is not an efficient Michael donor. 
Therefore, we consider a Stork enamine synthesis (in 
which we use an enamine, rather than an enolate, as a 
Michael donor). The enamine can be made directly from 
the starting material (acetophenone). 


o» 
or 


The forward scheme is shown here: 


[9] 
E 


21.78. 

(a) This transformation involves installation of an ethyl 
group at the a. position of a ketone. A strong base is 
used to deprotonate the a position, giving an enolate, 
which is then treated with ethyl iodide to give the 
product via an Sn2 reaction. 


i9) i9) 
1)LDA 
2) Etl 


(b) This transformation requires the installation of an 
ethyl group at a B position: 
9) i9) 
— > 
P B 


We did not learn a way to install an alkyl group at the 
P position of a saturated ketone, however, we did learn a 
way to install an alkyl group at the B position of an o,p- 
unsaturated ketone: 


i9) i9) 
=- Q 
^ B 


This o,-unsaturated ketone can be prepared from the 
corresponding a-bromoketone upon treatment with a 
base (pyridine). And the a-bromoketone can be made 
from the starting material via a-bromination under acidic 
conditions: 


Piva 


The forward scheme is shown here: 


aie 
5 me D 


i9] 


1) Bro, [H0] 
< 


2) pyridine 
3) EtCuLi 
4) H,0* 
1) EtsCuLi 
Br», [H30* 
r2, [H3O ] 2) H0* 
O 


i9) 
e pyridine ð 
— 


(c) The product is a ketone with alkyl groups at the a 
and p positions, which could have been installed by 
treating the following a,f-unsaturated ketone with 
lithium diethylcuprate, followed by methyl iodide: 


LÀ 


This a,B-unsaturated ketone can be prepared from the 
corresponding a-bromoketone upon treatment with a 
base (pyridine). And the a-bromoketone can be made 
from the starting material via a-bromination under acidic 
conditions: 


Br 


— —» 


The forward scheme is shown here: 


(0) (0) 


1) Bro, [H307] 
—————— 


2) pyridine 
3) EteCuLi 
4) Mel 
1) EtpCuLi 
Bro, [H30] 2) Mel 
pyridine 
—— 


(d) The product is 1,5-difunctionalized: 
Ó 


O 


Therefore, we consider preparing the product via a 
Michael reaction: 


Pu S 


Notà 
Michael donor 


This strategy will not work, because it involves the use 
of an enolate, which is not an efficient Michael donor. 
Therefore, we consider a Stork enamine synthesis (in 
which we use an enamine, rather than an enolate, as a 
Michael donor) The enamine can be made from the 
starting ketone upon treatment with a secondary amine 
under acid-catalyzed conditions (with removal of water): 


987 


pa 


O 
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Oo NR? 
ee = o 
O \ 


The forward scheme is shown here: 


o 0 
1) RoNH, 
[H*], CH50) 
O 


as A 


3) H30* 


RoNH, 
[H*], (-H20) 


NR? 2) HO* 


(e) The product is a ketone that exhibits o, -unsaturation 
on either side of the carbonyl group. This suggests two 
aldol condensation reactions, one at each a position of 
the starting ketone (cyclohexanone): 


Both aldol condensation reactions can be performed in a 
single reaction flask, by treating cyclohexanone with 
excess benzaldehyde under basic conditions: 
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NaOH, H20, heat 


(f) The product is 1,5-difunctionalized: 


(0) (0) 


OEt 


Therefore, we consider preparing the product via a 
Michael reaction: 


(6) Oo 
OEt 
o9 
Oo 
* PR 
OEt 
Not a 


Michael donor 


This strategy will not work, because it involves the use 
of an enolate, which is not an efficient Michael donor. 
Therefore, we consider a Stork enamine synthesis (in 
which we use an enamine, rather than an enolate, as a 
Michael donor) The enamine can be made from the 
starting ketone upon treatment with a secondary amine 
under acid-catalyzed conditions (with removal of water): 


i9) i9) 


The forward scheme is shown here: 


O [e O 
1) RyNH, 


[H7]. (-H2O) OEt 


RNH, 
[H7], (-H20) 


(g) Two subsequent alkylation processes will install the 
two methyl groups. The choice of base in the first 
alkylation is not so critical, because cyclohexanone is 
symmetrical (both a positions are equivalent). But 
during the second alkylation process, LDA must be used 
at low temperature, in order to install the methyl group at 
the less substituted a position (via the kinetic enolate). 


1) LDA 
2) Mel 
3) LDA, -78°C 
4) Mel 
) LDA, 
1) LDA -78°C 
2) Mel oz 2) Mel 


21.79. LDA is a strong, sterically hindered base, and it 
will irreversibly deprotonate the cyclohexanone (at the a 
position) to give an enolate. The ketone is symmetrical, 
so deprotonation at either o position leads to the same 
enolate ion. When treated with an ester, the enolate ion 
will attack the ester, to give a tetrahedral intermediate, 
which reforms the carbonyl group by expelling ethoxide. 
The resulting  f-dicarbonyl compound is then 
deprotonated to give a stabilized enolate. Indeed, the 
formation of this resonance-stabilized anion is a driving 
force for this reaction. After the reaction is complete, an 
acid is required to protonate this anion. 


1) LDA 
co 2) o [e] oO 
H wk 
Ph OEt 
3) H30* 
E H 
vi W^ le 
H(Á^H 
©.. ©.. 
: 20: [0] 
e Hu y 
a N resonance-stabilized 
OEt 
eQ 
EtO: 


| 
> 


21.80. LDA is a strong, sterically hindered base, and it 
will irreversibly deprotonate the cyclohexanone (at the a 
position) to give an enolate. The ketone is symmetrical, 
so deprotonation at either a position leads to the same 
enolate ion. When treated with a carbonate, the enolate 
ion will attack the carbonate, to give a charged 
tetrahedral intermediate, which reforms the carbonyl 
group by expelling ethoxide. The resulting B-ketoester is 
then deprotonated to give a stabilized enolate. Indeed, 
the formation of this resonance-stabilized anion is a 
driving force for this reaction. After the reaction is 
complete, an acid is required to protonate this anion. 
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¥\H JU 
EtO OEt OEt 
3) H30* 
[S 


| i 
02 
HW^H 
S [9] 


EG c9: 
on: 


EtO OEt EG? 


NS 2d 
o CA get co At 9 
OFt on. 


21.81. LDA is a strong, sterically hindered base, and it 
will irreversibly deprotonate the ester (at the a position) 
to give an ester enolate. When treated with a ketone, the 
enolate ion will attack the ketone, to give an alkoxide 
ion. After the reaction is complete, an acid is required to 
protonate this alkoxide ion. 


o 


| 


1) LDA 
co 2) o O OH 
KH adis. 
EtO EtO 
—— 
3) H0* 


EtO 


21.82. 
(a) The following mechanism is consistent with the 
description in the problem statement. 
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1) LDA 
2)R—X 


CN CN 
X% d 


a ^ 
Ed d pm X 
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(b) Benzyl bromide is converted into a nitrile (via an 
Sn2 reaction in which cyanide functions as a 
nucleophile). This nitrile can then undergo two 
successive alkylation processes, installing two methyl 
groups at the a position. Hydrolysis of the nitrile then 
gives a carboxylic acid. 


1) NaCN 
2) LDA OH 
Br 3) CHsI 
——————— 
4) LDA Ó 
5) CHal 
6) H30*, heat H4O* 
NaCN heat 
(X CN 
1) LDA 1)LDA 
2) CHI 2) CHsI 


21.83. 

(a) A retrosynthetic analysis reveals the Michael donor 
(stabilized nucleophile) and Michael acceptor that are 
responsible for formation of the carbon-carbon bond 
being disconnected: 


Pul 


Michael donor 


Michael 
acceptor 


(b) A retrosynthetic analysis reveals the Michael donor 
(stabilized nucleophile) and Michael acceptor that are 
responsible for formation of the carbon-carbon bond 
being disconnected: 


[e] 


[9] 
CN Michael 


Michael donor ad 


(c) A retrosynthetic analysis reveals the Michael donor 
(stabilized nucleophile) and Michael acceptor that are 
responsible for formation of the carbon-carbon bond 
being disconnected: 


OEt E OEt 
O O 
2> N 
O NO5 O 
OEt OEt 


Michael donor 


Une, 


Michael 
acceptor 


(d) A retrosynthetic analysis reveals the Michael donor 
(stabilized nucleophile) and Michael acceptor that are 
responsible for formation of the carbon-carbon bond 
being disconnected: 


eis 


Michael donor tei 
acceptor 


(e) A retrosynthetic analysis reveals the Michael donor 
(stabilized nucleophile) and Michael acceptor that are 
responsible for formation of the carbon-carbon bond 
being disconnected: 


IS) 
ON wo; => ON-CH + Ano, 
Michael Michael 
donor acceptor 


21.84. 

(a) The conjugate base of diethyl malonate functions as 
a nucleophile and attacks n-propyl bromide in an Sn2 
process, expelling bromide as a leaving group, and 
giving the following product: 


[9] [9] 
DN j 
Is 
EtO Eto OEt 


(b) The conjugate base of diethyl malonate functions as a 
nucleophile and attacks the epoxide at the less 
substituted (more accessible) position, thereby opening 
the epoxide and forming an alkoxide ion. Acid workup 
converts the alkoxide ion into an alcohol, as shown: 


A e 


EtO EtO OEt 


O O0 / ee 
H 
EtO OEt d 
“92 
HIH 
HO 


(c) The conjugate base of diethyl malonate functions as a 
nucleophile and attacks the acid chloride to give a 
charged tetrahedral intermediate, which expels a chloride 
ion to reform a carbonyl group (via a nucleophilic acyl 
substitution reaction): 


(d) The conjugate base of diethyl malonate functions as a 
nucleophile and attacks the B position of the o.- 
unsaturated ketone (a Michael reaction). The resulting 
enolate is converted back into a ketone when protonated 
at the alpha carbon, upon treatment with aqueous acid: 


b A O Oo 


SLI Eto OEt 
NS 
EtO OEt 


o o OS 
Eto’ I "OEt H30* 
[e 


(e) The conjugate base of diethyl malonate functions as 
a nucleophile and attacks benzyl iodide in an Sn2 
process, expelling iodide as a leaving group, and giving 
the following product: 
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Q o o 
co : on EtO OEt 
soos 


[9] 
OEt 
(f) The conjugate base of diethyl malonate functions as a 
nucleophile and attacks the f^ position of the a,f- 
unsaturated nitrile (a Michael reaction). The resulting 
intermediate is converted back into a nitrle when 
protonated at the alpha carbon, upon acid workup: 


Aq cM bg 


u. 
Eto OEt EtO OEt 


| 
[o [o C 
i N 
EtO OEt H30 Oo 
C 
Il 


(g) The conjugate base of diethyl malonate functions as 
a nucleophile and attacks the acid anhydride to give a 
charged tetrahedral intermediate, which expels an acetate 
ion to reform a carbonyl group (via a nucleophilic acyl 
substitution reaction): 


OEt 


This compound is deprotonated to some extent under 
these conditions (by the acetate ion, which can function 
as a base), which serves as a driving forced to push the 
reaction to completion. Then, acid workup gives the 
proton back, regenerating the neutral product shown 
above. 


(h) The conjugate base of diethyl malonate functions as 
a nucleophile and attacks the f position of the o.- 
unsaturated nitro compound (a Michael reaction). The 
resulting intermediate is converted back into a nitro 
compound when protonated at the alpha carbon, upon 
acid workup: 
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p il 


Eto OEt 


o 0 UNG 
c 9 0s 
tO OEt H,0* 
NO; 


21.85. A Robinson annulation is comprised of a Michael 
addition, followed by an intramolecular aldol 
condensation, as shown: 


Oo 
BN NaOH, NaOH, H20 
=e 
Oo 
NaOH NaOH, NaOH, heat 
^ Aldo | 
Sb Ssndencaton 


Michael 

Addition 
21.86. A Robinson annulation is comprised of a 
Michael reaction, followed by an intramolecular aldol 


condensation. To determine the starting materials 
necessary to prepare the desired product via a Robinson 
annulation, we draw the following retrosynthetic 
analysis: 
O 
Intramolecular 
pium 
Oo 
O 
Michael 


en 


These two steps do not represent two separate reactions. 
A Robinson annulation can be performed in one reaction 
flask, as shown in the following forward scheme: 


O 
NaOH, 
H0 
DE T000 
O 


21.87. Notice the similarity between this transformation 
and an aldol condensation: 


ot — QC 
a " ce 


Indeed, we will draw a mechanism (below) that is 
extremely similar to the mechanism of an aldol 
condensation. In the first step, hydroxide functions as a 
base and deprotonates the position adjacent to the nitro 
group, giving a resonance-stabilized conjugate base 
(much like an enolate). This conjugate base can function 
as a nucleophile and attack cyclohexanone, giving an 
alkoxide ion. Protonation of the alkoxide ion gives an 
alcohol. Deprotonation, followed by loss of hydroxide 
(Elcb mechanism), gives the product. Notice that the 
protonation step employs water as the proton source, 
consistent with basic conditions (strong acids, such as 
hydronium, are not measurably present): 


NO» NO; 
WH NaOH, H2O S 
———— e 
Heat 
4 | 
:OH 
NO2 ON 
. c OF 
O AM. |S 
V 


21.88. There are certainly many acceptable solutions to 
this problem. One such solution derives from the 
following retrosynthetic analysis. An explanation of 
each of the steps (a-c) follows. 


AAD 
\ 


Or e ALL 


a. The product has seven carbon atoms, while the 
starting material only has six carbon atoms. The 
extra carbon atom can be installed in the last step of 
the synthesis, via a Michael addition (between a 
lithium dialkyleuprate and an a,f-unsaturated 
ketone). 

b. The o,p-unsaturated ketone can be made via an 
intramolecular aldol condensation, starting the 
appropriate dicarbonyl compound. 

c. The dicarbonyl compound can be made from the 
starting material via ozonolysis. 


Now let’s draw the forward scheme: 


1) Os 
2) DMS 
» 
3) NaOH, H5O, heat 
4) MesCuLi | 
Ò 


5) H30* 1) Me;CuLi 


2) HO* 


21.89. The correct answer is (b). Options (c) and (d) 
are enols, not enolates, so they can be ruled out. The 
base (diisopropylamide) is sterically hindered, so we 
expect formation of the less substituted (kinetic) enolate: 


o9 


21.90. The correct answer is (c). The product is an o,B- 
unsaturated ketone: 


e 
c p 


Therefore, it can be prepared via an aldol condensation, 
using the following starting materials: 
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These compounds correspond with option (c). 


21.91. The correct answer is (d). This process involves 
the installation of two alkyl groups bear a carbonyl 
group: an ethyl group at the alpha position and a methyl 
group at the beta position. This can be achieved by first 
installing the methyl group at the beta position, by 
treating the starting compound with Me2CuLi, to give an 
enolate, followed by alkylation with ethyl iodide to give 
the desired product: 
of 


MezCuLi EtT 
—————- 


21.92. The correct answer is (c). The most acidic 
proton is connected to the position that is a to two 
carbonyl groups (in between both carbonyl groups). 
Deprotonation at this location leads to a resonance- 
stabilized conjugate base in which the negative charge is 
spread over two oxygen atoms and one carbon atom). 


21.93. The correct answer is (d). This reaction 
sequence is an example of a malonic ester synthesis. It 
begins with the deprotonation of diethyl malonate (using 
ethoxide as a base). The resulting resonance-stabilized 
conjugate base is then treated with bromocyclopentane, 
thereby installing a cyclopentyl group. Subsequent 
hydrolysis and decarboxylation give a carboxylic acid 
product, as shown. Notice that two of the carbon atoms 
in the starting material (highlighted) remain in the 
product: 


AL A)NaOEt 0 


2) 
ALL. QU 
3) H3O", heat Ss 
heat 


1) NaOEt 


Toc 
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21.94. The correct answer is (a). The other three 
structures (shown below) are all Michael acceptors 
because each of them has a carbonyl group that 
possesses o, unsaturation. The f position of the 
unsaturated ketone, ester and aldehyde structures are 
electrophilic, and would be expected to react with a 
Michael donor. 


O 
O O 
P T 
EtO - H 
b+ 
21.95. The correct answer is (a). The given diketone 


undergoes an intramolecular aldol condensation when 
treated with base. Formation of a six-membered ring is 
favorable (due to the lack of ring strain), so the 
highlighted nucleophilic alpha carbon reacts with the 
appropriately located electrophilic carbonyl. 


Electrophilic © re) 
site 5 


1 3 5 
2 4 6 


Nucleophilic 
2 site 
oO 
NaOH / H2O 


heat 
— H20 


21.96. The correct answer is (b). A logical 
retrosynthesis of the B-keto ester target molecule reveals 
that it is the product of a self-Claisen condensation: 


Et Ox ,OEt 
84 OEt 
— AO " 
h Ò Ph 


Nucleophile 
(as enolate) 


0. ie) 


Ph P 
ie] Electrophile 


None of the other options would successfully prepare the 
desired target molecule. Recall that SN2 processes are 
not possible with aryl halides, because backside attack is 
not possible if the leaving group is on an sp? hybridized 
carbon atom. 


B 
^ o : 
Ph. ds J No 


reaction 


21.97. A ketone generally produces a strong signal at 
approximately 1720 cm! (C=O stretching), while an 
alcohol produces a broad signal between 3200 and 3600 
cnr! (O-H stretching). These regions of an IR spectrum 
can be inspected to determine whether the ketone or the 
enol predominates. 
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21.98. Under acidic conditions, one of the OH groups is protonated. If the middle OH group is protonated, the 
resulting leaving group (water) can leave to give a secondary carbocation. A hydride shift then gives a resonance- 
stabilized cation that is deprotonated to give a hydroxyaldehyde. Protonation of the OH group (to give a good leaving 
group), followed by an E2 process, gives the product. In this last step, an E2 process is more likely than an E1 process, 
because the latter would involve formation of a primary carbocation. Notice that water is the base for the deprotonation 
steps, consistent with acidic conditions (strong bases, such as hydroxide, are not measurably present under these 
conditions). 


i 
| SC Vo. H.G.H 
:OH H © H ON - H20 
Ho À oH HO. A oh HO 2 OH 
ye 
H 
oe h 
H H S Ca 
HO O —— > HO OH 
D © S 
H H 


| 
202 


H O 
acrolein 


21.99. Upon treatment with aqueous acid, the nitrile is 21.100. Using the strategy described in the problem 


hydrolyzed to give a f-ketoacid, which undergoes statement, the desired lactone can be made if we use the 
decarboxylation at elevated temperature to give the following epoxide, instead of ethylene oxide: 
following ketone: 
O 
(0) (0) 
CN T 
H 
2 + CO, 
heat 


The synthesis, as described in the problem statement, is 
C49H490 shown here (follow the location of the cyclohexyl 


o o group): 
H30* OH heat 
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Ò 
2) "Q 
n 
3) H40* M 
1) NaOEt heat (-H20) 
O [9] 
2) 
HO 
Y OH 
[9] [9] 
EtO OEt 
Oo 
re) re) H30* 
heat 
HO OH CoS) 
OH 
H4O* 
heat 


21.101. Upon treatment with aqueous acid at elevated 
temperature, the ester group is hydrolyzed to a 
carboxylic acid group, and the acetal is hydrolyzed to a 
ketone. Under these conditions, the resulting B-keto acid 
undergoes decarboxylation to give the ketone shown 
below: 


H30* OH heat 
heat 
21.102. 
(a) One strategy for achieving the desired 


transformation derives from the following retrosynthetic 
analysis. An explanation of each of the steps (a-c) 
follows. 


H H 

0o 2 OH OH "~r 

ka E 
NS 


(0) OH 


9? O d 
a : ie = e S 


a. The product is a cyclic acetal, which can be 
prepared from a diol and formaldehyde. 

b. The diol can be made via reduction of a f- 
hydroxyaldehyde. 

c. The B-hydroxyaldehyde can be made via an aldol 
addition reaction between two molecules of 
acetaldehyde. 


Now let's draw the forward scheme. Upon treatment 
with sodium hydroxide, acetaldehyde will undergo an 
aldol addition reaction, giving a f-hydroxyaldehyde. 
Reduction with LiAIH4, followed by aqueous acidic 
workup, gives a diol, which can be then be converted 
into the desired acetal upon treatment with formaldehyde 
in acid-catalyzed conditions (with removal of water). 


H H 
ja 
1) NaOH, H20 MT 
2 LiAIH, kek 
man PUR [H7 
2 
H20 js "T 


OH OH "f 


1) LIAIH4 
DHO 


Le 


(b) One strategy for achieving the desired transformation 
derives from the following retrosynthetic analysis. An 
explanation of each of the steps (a-c) follows. 


P a OH OH 7 
Ree ae E 
(0) 
N 
o? (0) o [9] OH 
P MLEP NE LN UN 
H H H 
a. The product is a cyclic acetal, which can be 
prepared from a diol and acetaldehyde. 
b. The diol can be made via reduction of a ß- 
hydroxyaldehyde. 
c. The f-hydroxyaldehyde can be made via an aldol 


addition reaction between two molecules of 
acetaldehyde. 


Now let's draw the forward scheme. Upon treatment 
with sodium hydroxide, acetaldehyde will undergo an 
aldol addition reaction, giving a f-hydroxyaldehyde. 
Reduction with LiAIH4, followed by aqueous acidic 
workup, gives a diol, which can be then be converted 
into the desired acetal upon treatment with acetaldehyde 
in acid-catalyzed conditions (with removal of water). 


A. p" 
1) NaOH, H;O 
> 


je 2) LiAIH4 


3) H30* 
NaOH 4j CH3CHO, [H'], : 
H0 - H20 [H] 
H 
o OH OH 3r 
pou ) LAH Re tle p 
———- 
2) H30* 


21.103. 

When treated with aqueous acid, both compound A and 
compound B undergo racemization at the a position (via 
the enol as an intermediate). Each of these compounds 
establishes an equilibrium between cis and trans isomers. 
But the position of equilibrium is very different for 
compound A than it is for compound B. The equilibrium 
for compound A favors a cis configuration, because that 
is the configuration for which the compound can adopt a 
stable chair conformation in which both groups occupy 
equatorial positions. The equilibrium for compound B 
favors a trans configuration, because that is the 
configuration for which that compound can adopt a 
stable chair conformation in which both groups occupy 
equatorial positions. 


21.104. The problem statement indicates that oxidation 
of the alcohol with PCC gives an aldehyde, which 
indicates that the alcohol must be primary. There are 
only two primary alcohols with the molecular formula 


C4H100: 
ie 


Oxidation of the first compound (1-butanol) gives 1- 
butanal, which is expected to produce four signals in its 
'H NMR spectrum. In contrast, oxidation of the second 
compound (2-methyl-1-propanol) is expected to produce 


ACH 
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an aldehyde that exhibits only three signals in its 'H 
NMR spectrum: 
[9] 


Upon treatment with aqueous sodium hydroxide, this 
aldehyde is deprotonated to give an enolate ion that can 
function as a nucleophile and attack the carbonyl group 
of another molecule of the aldehyde: 


ecu 
o n 
As a result, a carbon-carbon bond is formed. The 


resulting alkoxide ion is then protonated to give a B- 
hydroxy aldehyde, as shown: 


NaOH, H2O 


21.105. Treatment of acetaldehyde with aqueous 
sodium hydroxide results in a B-hydroxy aldehyde that 
can be converted into the desired diol via reduction with 
LiAlH;, followed by aqueous acidic workup, as shown: 


1) NaOH, H20 
pi 2) LiAIH, Pa 
H | 9H OH 
1) LAIH 
NaOH, HO OH © 2 H0" 
PS 
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21.106. Protonation of the carbonyl group gives a resonance-stabilized cation, which is then deprotonated to give the 
product. This process is an example of tautomerization: 


- LH T 
o Q 5^ o OH 
NS 
Eh — > Ph _ Ph 
1 
e 
USOS, Hoz" 
© H „H H H 
oS — cu o^ VOS 
A> E 
Ph Ph 
o 


21.107. A retro-aldol reaction opens the ring into an acyclic diketone, which then closes up again via an intramolecular 
aldol condensation: 


oO (6) O 
(6) [e] 
retro-aldol cM ACCADE aldol 
== IL LI = => ENS => uL ul 
(6) 
[e] i 
"UO 


The retro-aldol process proceeds via a mechanism similar to the mechanism seen in the solution to Problem 21.22. In 
the first step, hydroxide attacks the B position of the o p-unsaturated ketone (a conjugate addition), giving an enolate. 
The enolate is then protonated to give a B-hydroxyketone, which is subsequently deprotonated at a different position to 
give an alkoxide ion. The carbonyl group is then formed, with loss of an enolate as a leaving group. The resulting 
enolate is then protonated to give the diketone. 

Then, an intramolecular aldol reaction occurs, thereby closing a six-membered ring. First, hydroxide functions as a 
base, giving a new enolate. This enolate ion is a nucleophilic center, and it will attack the carbonyl group present in the 
same structure (an intramolecular process), thereby closing a five-membered ring. The resulting alkoxide ion is then 
protonated to give a B-hydroxy ketone. Hydroxide then functions as a base again, deprotonating the a position. The 
resulting enolate then ejects a hydroxide ion, giving the condensation product, as shown. Notice that each of the 
protonation steps employs water as the proton source, consistent with basic conditions (strong acids are not measurably 
present under these conditions). 
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2O 
O :0: Oo Oo 
P d » c» 
ov Af Go: 
H "UO 


| 


" o m c9 
impos S 


[9] 


ACE 
"| 


No 
O (0) :O: O 
% » ARM A b 
f I H^ ^H ( ie *OH &r ( rU 
r On OH 


21.108. 

(a) Hydroxide functions as a base and deprotonates the a position of the ketone, giving an enolate. The enolate then 
functions as a nucleophile in an intramolecular Michael addition, attacking the B position of the o,B-unsaturated 
ketone. The resulting enolate ion is then protonated to give a ketone, which is then further deprotonated to give a new 
enolate (all possible enolates are present at equilibrium). This enolate then attacks the other carbonyl group in an 
intramolecular attack, giving an alkoxide ion, which is then protonated to give the product. Notice that each of the 
protonation steps employs water as the proton source, consistent with basic conditions (strong acids are not measurably 
present under these conditions). 


Ó 


:0 HO 
HASH 
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(b) Ethoxide functions as a base and deprotonates an a position, giving an enolate. The enolate then functions as a 
nucleophile in an intramolecular Michael addition, attacking the B position of the other a,B-unsaturated ketone. The 
resulting enolate ion is then functions as a nucleophile in another intramolecular Michael addition, attacking the p 
position of the a,B-unsaturated ketone. The resulting enolate is then protonated to give the product. Notice that each 
of the protonation steps employs ethanol as the proton source, consistent with basic conditions (strong acids are not 


measurably present under these conditions). 


21.109. Direct alkylation would require performing an 
Sn2 reaction on a tertiary substrate, which will not occur. 
Instead the enolate would function as a base and E2 
elimination would be observed instead of Sn2. The 
desired transformation can be achieved via a directed 
aldol condensation, followed by a Michael addition, as 
shown: 


1)LDA 
6 fe 
a JL 
» 
3) H30*, heat 
4) Me;CuLi 
5) H30* f 1) MesCuLi 
2) HO* 
4 )H3 
P 


3) H4O*, heat 


21.110. There are certainly many ways to achieve this 
transformation, which involves a change in the carbon 
skeleton. We begin by considering a directed aldol 
condensation, followed by reduction: 


o 
e us 
CY O aldol 
+ A parsed 
HO HO 


HO 


[9] 


This strategy suffers from a fatal flaw. The phenolic OH 
group is more acidic than acetone. Therefore, it is not 
possible to form the enolate of acetone without first 
deprotonating the  phenolic OH group. And 
deprotonation in that location would generate a 
resonance-stabilized anion, in which the negative charge 
is spread over several positions including the oxygen 
atom of the carbonyl group, thereby deactivating the 
aldehyde group as an electrophile. This obstacle can be 
circumvented by protecting the OH group before the 
desired transformation is performed, and then 
deprotecting with TBAF at the end of the synthesis (see 
Section 12.7). 


1) TMSCI, 
H — EtN 
— ~ 
“ig 2)NaOH, jg 
H2O, 
TMSCI, heat, IBAR 
EN (CH3),CO 
3) H5, Pt O 
o 4) TBAF 
H 
TMSO / H3, Pt 
TMSO 
NaOH, [e 
H2O, 
heat, s 


21.111. 

(a) The desired product is an ester, which can be made 
from the corresponding carboxylic acid via a Fischer 
esterification: 


[6] [6] 
ER = sa 


The carboxylic acid can be made with a malonic ester 
synthesis, as shown in the following scheme. Notice that 
two of the carbon atoms in the starting material 
(highlighted) remain in the product: 


p 1) NaOEt 


—— > 


OEt 2) \ ir 


3) H4O*, heat [H^]. 
) NaOEt 4) [H*], EtOH, (-H5O) EtOH, 
D Sr PEE -H20) 
3) H4O*, heat 


(b) The desired product is a primary alcohol, which can 
be made from the corresponding carboxylic acid via 
reduction: 


o 
Ph oH 03 pr tun 


This carboxylic acid can be made with a malonic ester 
synthesis, as shown in the following scheme. Notice that 
two of the carbon atoms in the starting material 
(highlighted) remain in the product: 


1) NaOEt 
"0 8$ 2) PhCH;Br 
uc 3) H4O^, heat Ee Cae 

4) xs LiAIH4 

1) NaOEt 5) H30* 

2) PhCH2Br 1) xs LiAIH4 

3) H4C*, heat 2) HO* 

o 


pu. 


(c) The desired product is an amide, which can be made 
from the corresponding carboxylic acid (via an acid 
halide), as shown: 


o o 
ei = os 
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This carboxylic acid can be made with a malonic ester 
synthesis, as shown in the following scheme. Notice that 
two of the carbon atoms in the starting material 
(highlighted) remain in the product: 


1) NaOFt 
——— M E À a 
Eto OEt 3) H30°*, R NH2 
heat 
1) NaOEt 4) SOĊI» 
NH 
5) excess NH ASN 
2)R~ Br ) ex 3 


3) H3O*, heat 


m SOCL 


E is As 
R OH R CI 
21.112. When a dibromide is used (rather than two 
separate alkyl halides), a cyclic product is expected, as 
shown. Notice that two of the carbon atoms in the 
starting material (highlighted) remain in the product: 


9 O MO 
Eto OEt 
Ò oO J nao 
Bi HO* — EtO OEt 
2L heat 
21.113. 


(a) The desired product is an acetal, which can be made 
from the corresponding ketone: 


f= o 
ee a ee 


This ketone can be made from ethyl acetoacetate via an 
acetoacetic ester synthesis, as shown in the following 
scheme. The three carbon atoms in the ethyl 
acetoacetate starting material that remain in the product 
(after decarboxylation) have been highlighted: 


A 1) NaOEt Oo. O 
O 

OEt 2j p 

3) H3O*, heat 
1) NaOEt 4) HOCH;CH5OH, NAT 
2) [H*], (- H50) H Ron j 
V5 Ri CHO) 
O o R 
H3O*, heat 


OEt ——————— 
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(b) The desired product is an alcohol, which can be made 
from the corresponding ketone via a reduction process: 


OH 


—> 


This ketone can be made from ethyl acetoacetate via an 
acetoacetic ester synthesis, as shown in the following 
scheme. The three carbon atoms in the ethyl 
acetoacetate starting material that remain in the product 
(after decarboxylation) have been highlighted: 


1 ) NaOEt OH 
2) PhCH;Br 
pui 3) H3O*, heat 
——————- 
oet 4) LiAIH, 
5) HO* 
1) NaOEt 4) LIAIH4 


2) H4O* 
2) s )Hs 
(e) 


(c) The desired product is an imine, which can be made 
from the corresponding ketone: 


NH (0) 
pos es 
This ketone can be made from ethyl acetoacetate via an 
acetoacetic ester synthesis, as shown in the following 
scheme. The three carbon atoms in the ethyl 


acetoacetate starting material that remain in the product 
(after decarboxylation) have been highlighted: 


1) NaOEt 
cl ee 
O [9] 
OEt 3) HO", heat H30*, heat 

4) [H7], NH3, 

(-H20) 
1) NaOEt [H*], NH3, 
(-H20) 


2) Cy 


O O O 
ac H3O*, heat ar 
————— 


21.114. Using the approach described in the problem statement, the product can be made from an acyclic diester, as 


shown in the following retrosynthetic analysis: 


i9) i9) i9) ES i9) 
i9) i9) 
d dud ` on pe ee n 
+ Eto OEt 
I 


The diester can be made from the corresponding diacid (via Fischer esterification of both carboxylic acid groups), and 


the diacid can be made via oxidation of the starting diol: 


O O O O 
De ae > itid rect od => Iw 
to OEt HO OH Ho oH 
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Now let’s draw the forward scheme. The starting diol is converted to a diacid upon treatment with chromic acid. This 
diacid is then converted to a diester upon treatment with ethanol and an acid catalyst (with removal of water). The 
resulting diester will undergo a Dieckmann cyclization upon treatment with sodium ethoxide, followed by aqueous 
acidic workup. Alkylation, followed by hydrolysis and decarboxylation, gives the product, as shown. 


(0) 


O 
NasCrs07, H5S04, H50 
CVO = 
HO OH HO OH 


[H*], EtOH, (-H20) 


Åe ) NaOEt Roa „ 1) NaOEt o O 
“amo pe ae eee 
2 H30 EtO OEt 


k 
o heat (workup) 


21.115. 
(a) The compound possesses three functional groups, and can be assembled in a variety of ways. One method 
capitalizes on the 1,5-arrangement of two of the functional groups (highlighted): 


O OEt 


Therefore, we consider preparing the product via a Michael reaction. The following retrosynthetic analysis is based on 
assembly of the carbon skeleton via a Michael reaction, as well as an aldol condensation reaction to prepare the 
Michael acceptor, and a Claisen condensation to prepare the Michael donor: 


yy dai Y A S Y Y 


NOU N 
© 
O [0] OH 
[9] [9] 


Now let's show the forward scheme for this strategy. One equivalent of ethanol is oxidized with PCC (or DMP or via a 
Swern oxidation) to give acetaldehyde, which is then heated with aqueous sodium hydroxide to give an o; p-unsaturated 
aldehyde (via an aldol condensation). Another equivalent of ethanol is oxidized with chromic acid to give a carboxylic 
acid, which is then treated with ethanol under acidic conditions to give an ester (via Fischer esterification). The ester is 
then converted into a B-ketoester (via a Claisen condensation). The B-ketoester is then deprotonated with ethoxide to 
give a stabilized enolate which then attacks the o; -unsaturated aldehyde to give a Michael reaction: 
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o (6) 
Na5Cr207 p [H*] p 
TES Á 
coH H2504, H20 OH EtOH OEFt 


4) NaOEt 
2) H30* (workup) 


NaOH , H50, heat 3) H4O* 


(b) The product is 1,5-difunctionalized: 


NUN 


Therefore, we consider preparing the product via a Michael reaction: 


Jeu Lid | j 
HO or Ed ass alle = TN : WH, 


Not a 
Michael donor 


This strategy will not work, because it involves the use of an enolate, which is not an efficient Michael donor. 
Therefore, we consider a Stork enamine synthesis (in which we use an enamine, rather than an enolate, as a Michael 
donor). The Michael donor can be made from acetaldehyde, which can be made from ethanol via oxidation with PCC 


(or DMP or via a Swern oxidation). The Michael acceptor can be made from two equivalents of acetaldehyde via an 
aldol condensation: 


R R 
+ S 
ie ee => pe we => iow ^v 


e, H o" 
“on = "S D * Br, 
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The forward scheme is shown here: 
NaOH , H5O, heat 


\ ] 
Beh "Ww o o 
pcc a RoNH n 9 H 
es OH + 
CH;Cl H [H] Ho 2)H0* i i 
(-H20) 
R 1) LIAIH4 
HO OH 2) H30* 
21.116. Intermediate A is the corresponding enamine, CH3 CH3 
while the alkylation product B is 2-methyl- 
cyclohexanone: N _ N 
CY CH; Cy ČH 
N Oo 
CY (b) When the enamine in part (a) reacts with methyl 
iodide, the methyl group closer to the a carbon atom of 
A B the enamine is oriented below the plane of the page. 
MORD, CHs 
Product B is a result of the hydrolysis of the iminium ion 
shown here, which forms after alkylation of enamine A N 


by methyl iodide: Y 
CH3 
CHl 
Hot So, approach by the electrophile from that direction is 
3 


hindered, resulting in (R)-2-methylcyclohexanone being 

A the minor product. In contrast, since the approach of 
fe) methyl iodide from the top face of the page is unimpeded 

by this substituent, (S)-2-methylcyclohexanone is the 

major product. Producing an excess of one enantiomer 


results in a high ee (rather than forming a racemic 
B mixture). 


21.117. CH; 

(a) Only one diastereomer of the enamine forms due to hae 

rotational symmetry possessed by the secondary amine. N H 1) CHal ^ ? 
Due to this symmetry property, forming the x bond at CH, 2) H,0* * i 
either alpha carbon results in identical enamines. a 


S-enantiomer R-enantiomer 
(major) 
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21.118. While there are three alpha positions in the molecule, deprotonation at only one of them (the terminal methyl 
group) will lead to the formation of a 5-membered ring. The first reaction is a base-catalyzed, intramolecular aldol 
condensation reaction, affording an a,f-unsaturated ketone. Addition of the Grignard reagent phenylmagnesium 
chloride gives an alkoxide ion. Treatment with sulfuric acid causes protonation of the alkoxide ion, followed by acid- 
catalyzed dehydration to afford the highly conjugated diene shown below. 


Intramolecular 1,2-Grignard 
Aldol addition 
O 
ROMBO s. EPMYEI 5 
EE xS 


Acid-Catalyzed | H,S0, 
Dehydration 


O^ 


21.119. In the starting material, the dimethoxybenzyl group is in the *up" position on the chiral carbon, from the 
perspective drawn. This group thus attacks the B carbon of the a,B-unsaturated ketone from the top face, pushing the 
other aromatic ring “down”, so that it ends up cis to the hydrogen on the adjacent chiral center. 


OMe 


OMe 
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21.120. This transformation involves two successive Michael addition reactions. The sequence begins with the 
deprotonation of diethyl malonate with potassium carbonate to give a stabilized anion (Michael donor) that attacks the 
a, p-unsaturated ketone 1 (Michael acceptor) in a conjugate addition to afford enolate 3. After protonation of enolate 3 
to give compound 4, the B-diester moiety is then deprotonated to give the resonance-stabilized enolate 5. At this point a 
second Michael addition occurs as the anion (Michael donor) attacks the carbon containing the two thioethers (Michael 
acceptor) in a conjugate fashion to give enolate 6. Finally, the electrons of the enolate come back down to make the 
ketone and the o, -unsaturation by expelling the ethanethiolate anion as a leaving group to afford the final product 2. 
Alternatively, the reverse order of these two Michael additions will likewise afford the product. 


Zo [9] ®© 


eo^ rc ros o 
RETE SUI 


:O 
SN 
EtO OEt ais KY NES 
Addition 


H3C 


Michael 
Addition 
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21.121. 

(a) Under strongly basic conditions, an enolate is formed. Then, under these conditions, an elimination-addition 
reaction can occur (Section 18.14), in which the nucleophilic enolate attacks the tethered benzyne in a ring-forming 
reaction, followed by protonation. 


OR 


(b) The enolate ion has two nucleophilic centers, which means that it can attack from the oxygen atom, as well as from 
the alpha carbon atom. If the oxygen atom of the enolate functions as the nucleophile and attacks the benzyne unit, the 
following side product is formed: 


21.122. 

(a) Cyclic hemiacetal A is in equilibrium with its open-chain form, which has an aldehyde group and a hydroxyl 
group. The aldehyde group can undergo a Wittig reaction when treated with a stabilized ylide (Phs3P=CHCO:zEt), 
giving an o,B-unsaturated ester B (the stabilized Wittig reagent is expected to give the trans alkene as the major 
product). Next, the hydroxyl group is converted to a tosylate group upon treatment with tosyl chloride to afford 
compound C: 


ES Nn 


HO 
(0) On. OE EE c CHCO>Et TsCl 
OH —— > 
END d 


A 


(b) The conversion of compound C to D begins with a conjugate addition reaction, in which Me2CuLi functions as a 
Michael donor and attacks the o. -unsaturated ester (the Michael acceptor) to afford an enolate. This enolate can then 
function as a nucleophile in an intramolecular SN2-type process (shown below), in which the enolate undergoes a- 
alkylation to close the cyclopentyl ring system, giving compound D: 
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(c) The ester is first reduced to an alcohol (compound E), which can be acylated, using either acetic anhydride or 
acetyl chloride and pyridine: 


O 
E D 2 
)xs Aas LAHS Pa AG S A 
2) 29H — 
€ 
nia 
D E F 
pyridine 


21.123. Methoxide functions as a base and deprotonates the most acidic position, leading to a stabilized enolate. This 
enolate then functions as a nucleophile and attacks the ester in an intramolecular nucleophilic acyl substitution reaction. 
The resulting charged tetrahedral intermediate loses methoxide to reform the carbonyl group. The OH group is then 
deprotonated to give an alkoxide ion, which then attacks the newly formed carbonyl group to give another charged 
tetrahedral intermediate, which is protonated to give the product. 


Chapter 22 
Amines 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 22. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 


Vocabulary. 
e Amines are , or , depending on the number of groups 
attached to the nitrogen sont 
e The lone pair on the nitrogen atom of an amine can function as a or 


The basicity of an amine can be quantified by measuring the pK; of the corresponding 


Aryl amines are less basic than alkyl amines, because the lone pair is 
Pyridine is a stronger base than pyrrole, because the lone pair in pyrrole participates in 


An amine group exists primarily as at physiological pH. 


The azide synthesis involves treating an with sodium azide, followed by 
The synthesis generates primary amines upon treatment of potassium phthalimide 


with an alkyl halide, followed by hydrolysis or reaction with N2H4. 

Amines can be prepared via reductive amination, in which a ketone or aldehyde is converted into 
an imine in the presence of a agent, such as sodium cyanoborohydride 
(NaBH3CN). 

Amines react with acyl halides to produce 

In the Hofmann elimination, an amino group is converted into a better leaving group, which is 
expelledinan__ process to form an 


Primary amines react with a nitrosonium ion to veld: a salt in a process called 

diazotization. 

Sandmeyer reactions utilize copper salts (CuX), enabling the installation of a halogen or a 
group. 


In the Schiemann reaction, an aryl diazonium salt is converted into a fluorobenzene by treatment 
with 

Aryldiazonium salts react will activated aromatic rings in a process called coupling, to 
produce colored compounds called dyes. 

A is a ring that contains atoms of more than one element. 

Pyrrole undergoes electrophilic aromatic substitution reactions, which occur primarily at C 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 22. The answers appear in the section entitled SkillBuilder Review. 


22.1 Naming an Amine 


Provide a systematic name for the following compound: 


Hy N^ 1) Identify the parent 


2) Identify and name substituents - 
3) Assign locants to each substituent 
4) Alphabetize 


5) Assign configuration 
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22.2 Preparing a Primary Amine via the Gabriel Reaction 
Identify reagents that will achieve the following transformation: 
oC) 
e) 2) 
NH; 
N—H »- GT 
2) — ) 
(0) 
22.3 Preparing an Amine via a Reductive Amination 
Identify reagents that will achieve each of the following transformations: 
H (C jJ 
vo. C NX 
CH 
N73 
C3 an’ 
H 
Z0 
22.4 Synthesis Strategies 
Identify the reactant that is used as a nucleophile in each of the three processes shown below: 
Azide Reductive 
Synthesis Amination 
Gabriel ' " 
Synthesis R NÁ R 
N 
R~/@\— R" 
Quaternary 
ammonium ion 
Reductive Reductive 
~, -H Amination ANA N Amination RAON OR Alkylation 
R N R N R L 
H H R" 
Primary Secondary Tertiary 
amine amine amine 
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22.5 Predicting the Product of a Hofmann Elimination 


Predict the major product of the following reaction: 


an 1) excess CHI 
z 
2) Ag50, H20, heat 


22.6 Determining the Reactants for Preparing an Azo Dye 


Identify reagents that will achieve the following transformation: MeO 
voo 
» 
E k , 


Review of Reactions 
Identify the reagents necessary to achieve each ofthe following transformations. To verify that your answers are 
correct, look in your textbook at the end of Chapter 22. The answers appear in the section entitled Review of Reactions. 


Preparation of Amines 


LEES Ju s pL ABE -~ Peet TF ANNAA 
NH2 


CHAPTER 22 
O 
NH» 
Ras : OY 
O 


NH3 


Reactions of Amines 


H © © 
R-N — > R-NzN Cl 

N 

H 
R R O 

\ N 7 

N—H — > N—N 

/ / 
R R 


Reactions of Aryldiazonium Salts 
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Reactions of Nitrogen Heterocycles 
1 i 
M X Br 
(27 -&r 
N N 
[oec E 
A A Br 


Review of Mechanisms 
Complete each of the following mechanisms by drawing the missing curved arrows. To verify that your 
curved arrows are drawn correctly, compare them to the curved arrows in the mechanism boxes for 


Mechanisms 22.1 — 22.4, which can be found throughout Chapter 22 of your text. 
Mechanism 22.1 The Azide Synthesis 
lo 
m H—AI—H oe " 
** *. 'O . 
O.N=N=N © : | © -N | H/I `H | 
R-X ——— ——- 'NN-NO — > UN. ANE —— N ———» UNA 
R : g^ R^UO RUM 
Mechanism 22.2 Formation of Nitrous Acid and Nitrosonium Ions 
ia sx E <O 
a H—CI " H-c| ^O -H20 " " 
NO © NaCl o+ No sH N H No 
Q: Na : .O. : no t 
H 
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Mechanism 22.3 Formation of N-Nitrosamines 


T 
IN. R beu 
H—CI oe R^ ^H el tae ie: R UR 
NaNO, = MS I| eme ORNS :NN, 
No 
i R 


Mechanism 22.4 Diazotization 
i 
N, o 
H—Cl o9 O R^ ^H d. don esq. SH! ca 
NaNO, == Il o — |l —————- | R-CN—N :N—N. 
No | / 007 
IN R 
fi 
oy 
H 
NO 96. :0—H ZOL H ®ö—H 
PER -H20 / Ho" H E / H H \ 1/ 
R—NZN: ~— :N=N = NN. N—N. 
R R R 


Common Mistake to Avoid 


Whenever you learn a new reaction, pay close attention to any restrictions that may apply. For example, 
the Gabriel synthesis employs an Sx2 process to create the critical C-N bond of a primary amine: 


O Oo f* O 
KOH say Hydrolysis H, 
N-H ———> No —— N-R ———> N-R 
Sy2 H 
O [o] [o] 


Since an Sy2 process is employed, a tertiary alkyl halide cannot be used, because tertiary alkyl halides are 
too sterically hindered to undergo an Sy2 process. It is a common mistake to attempt to use a tertiary alkyl 
halide in a Gabriel synthesis, because it is easy to forget the restrictions that apply. Keep this in mind for 
all reactions that you study. Make sure that you understand the circumstances under which each reaction 
can or cannot be used. 
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Useful reagents 


The following is a list of reagents encountered in this chapter: 


Reagents Type of Reaction Description 
1) NaCN 
2) xs LiAIH Preparation of an amine These reagents can be used to convert an alkyl halide into an amine with the 
$ (from an alkyl halide) introduction of one carbon atom (from the cyano group). 
3) HO 
1) SOCb 
2) xs NH; Preparation of an amine These reagents can be used to convert a carboxylic acid into an amine, 
3) xs LiAIH, (from a carboxylic acid) without a change in the carbon skeleton. 
4) H5O 
These reagents can be used to reduce an aryl nitro group into an amino group. 
1) Fe, HO ; The first step employs acidic conditions, so the amine is protonated (under the 
Reduction SE ; : à Mp AR DE 
2) NaOH conditions of its formation) to give an ammonium ion. The ammonium ion is 
then deprotonated upon basic workup, giving the amine. 
1) NaN; These reagents can be used to convert an alkyl halide into an amine, without a 
; : : change in the carbon skeleton. The last two steps (reduction and water 
2) LIAIH4 Azide synthesis workup) can be replaced with hydrogenation in the presence of a metal 
3) H20 catalyst (H», Pt). 
Phthalimide is the starting material for the Gabriel synthesis, which can be 
used to prepare primary amines. Phthalimide is treated with KOH to give 
N—H Gabriel synthesis potassium phthalimide, which is then treated with an alkyl halide, giving an 
S42 reaction. The product of the S2 process is then hydrolyzed (upon 
treatment with hydrazine or aqueous acid) to release the amine. 
i9) 
In the presence of an acid catalyst, sodium cyanoborohydride can be used to 
achieve a reductive amination. The reaction occurs between a ketone (or 
NaBH;CN Reductive amination aldehyde) and an amine (or ammonia). This process can be used to convert a 
primary amine into a secondary amine. Similarly, a secondary amine is 
converted into a tertiary amine. 
oO 


Bes 


Acetylation 


An amine will undergo acetylation (giving an amide) when treated with acetyl 
chloride. 


1) Excess CH;I 
2) Ag;O, H20, heat 


Hofmann elimination 


These reagents can be used to achieve elimination of H and NH; to give an 
alkene. When there are two possible regiochemical outcomes for the 
elimination process, the less substituted alkene predominates. 


Reactions with nitrous 


A mixture of sodium nitrite and HCI will convert a primary amine into a 


NaNO>, HCl acid diazonium salt. Under the same conditions, a secondary amine is converted 
into an N-nitrosamine. 
CuBr Sandmeyer reaction When an aryldiazonium salt is treated with CuBr, the diazonium group is 
replaced with a bromine atom. 
CuCl Sandmeyer reaction When an aryldiazonium salt is treated with CuCl, the diazonium group is 
replaced with a chlorine atom. 
Cul Sandnieyerieiction When an aryldiazonium salt is treated with Cul, the diazonium group is 
replaced with an iodine atom. 
CuCN Sandmeyer reaction When an aryldiazonium salt is treated with CuCN, the diazonium group is 
replaced with a cyano group. 
Fluorination When an aryldiazonium salt is treated with HBF,, the diazonium group is 
HBF, . : : : 
(Schiemann reaction) replaced with a fluorine atom. 
HO, heat Preparation of phenol When an aryldiazonium salt is treated with water and heat, the diazonium 
group is replaced with an OH group. 
HPO, Reduction When an aryldiazonium salt is treated with H;PO,, the diazonium group is 


replaced with a hydrogen atom. 


Solutions 


22.1. 

(a) This compound is an amine that has only one alkyl 
group connected to the nitrogen atom. Since this alkyl 
group is complex, we must name the compound as an 
alkanamine (rather than an alkyl amine). The parent is 
comprised of four carbon atoms (thus, butanamine), and 
the amino group is located at C1. There are two methyl 
groups, both located at C3. 


oan 


4 2 


3,3-dimethyl-1-butanamine 


(b) This compound is an amine that has only one simple 
alkyl group (a cyclopentyl group) connected to the 
nitrogen atom, so we can name this compound as an 
alkyl amine, in addition to naming it as an alkanamine. 
Therefore, this compound is cyclopentylamine. 


[ow 


cyclopentylamine 
or 
cyclopentanamine 


(c) This compound is an amine that has three simple 
alkyl groups (two methyl groups and a cyclopentyl 
group) connected to the nitrogen atom, so we can name 
this compound as a trialkyl amine, in addition to naming 
it as an alkanamine. The alkyl groups are listed in 


alphabetical order: 
/ 
N 
N 


cyclopentyldimethylamine 
or 
N,N-dimethylcyclopentanamine 


(d) This compound is an amine that has three simple 
alkyl groups (all ethyl groups) connected to the nitrogen 
atom, so we can name this compound as a trialkyl amine, 
in addition to naming it as an alkanamine: 


“NTN 


2 


triethylamine 
or 
N,N-diethylethanamine 


(e) This compound is an amine that has only one alkyl 
group connected to the nitrogen atom. Since this alkyl 
group is complex, we must name the compound as an 
alkanamine (rather than an alkyl amine). The parent is a 
six-membered ring (thus, cyclohexanamine), and there is 
an isopropyl group located at C3. There are two chiral 
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centers, and the configuration of each is listed at the 
beginning of the name: 


NH2 


(1S,3R)-3-isopropylcyclohexanamine 


(f) This compound has two functional groups (an OH 
group and an NH» group). The OH group takes priority, 
so the compound is named as an alcohol (cyclohexanol), 
with the amino group listed as a substituent, located at 
C3. There are two chiral centers, and the configuration 
of each is listed at the beginning of the name: 


Cr 


(1S,3S)-3-aminocyclohexanol 


22.2. 

(a) The name indicates a dialkyl amine, in which both 
alkyl groups are simple groups (a cyclohexyl group and a 
methyl group): 


(b) The name indicates a trialkyl amine, in which all 
three alkyl groups are cyclobutyl groups: 


N 


CT X) 


(c) The parent is aniline (or aminobenzene), and there are 
two ethyl groups (one at C2 and the other at C4): 


(d) The parent is a six-membered ring that bears an 
amino group (thus, cyclohexanamine). There is a methyl 
group at C2, and the configuration of each chiral center 
(C1 and C2) is indicated in the name: 


NH2 
CH3 
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(e) The parent is benzaldehyde, and there is an amino 
substituent in the ortho position. 


NH2 


22.3. 

(a) This compound is an amine that has only one simple 
alkyl group (a 13-carbon chain is a tridecyl group) 
connected to the nitrogen atom, so we can name this 
compound as an alkyl amine or an alkanamine. 
Therefore, this compound can be named tridecylamine or 
1-tridecanamine. 


SOO OOS 
H2N 


Tridecylamine or 
1-tridecanamine 


(b) The parent is a four-carbon carboxylic acid 
(butanoic acid) The NH2 group is called an amino 
group. The carboxylic acid functionality has a higher 
suffix priority than amines, therefore, this compound is 
named 4-aminobutanoic acid. 


(0) 


H2N TE 


4 2 
4-Aminobutanoic acid 


(c) This compound has two amine groups and is named 
as a diamine (similar to a compound with two hydroxyl 
groups being named as a diol). The amino groups are at 
positions 1 and 5 of a five-carbon chain so it is named 
pentane-1,5-diamine. 


tO 
HN” 1N $ SU NM 


Pentane-1,5-diamine or 
1,5-pentanediamine 


22.4. The primary amine has two N-H bonds and is 
expected to exhibit the highest extent of hydrogen 
bonding, and therefore, the highest boiling point. The 
tertiary amine lacks N-H bonds, and is therefore 
expected to have the lowest boiling point. 


Increasing boiling point 


On OX Q- 


22.5. 

(a) This amine has more than five carbon atoms per 
amino group (there are eight carbon atoms and only one 
amino group). Therefore, this compound is not expected 
to be water soluble. 


(b) This amine has fewer than five carbon atoms per 
amino group (there are only three carbon atoms and one 
amino group). Therefore, this compound is expected to 
be water soluble. 


(c) This diamine has fewer than five carbon atoms per 
amino group (there are six carbon atoms and two amino 
groups). Therefore, this compound is expected to be 
water soluble. 


22.6. 

(a) The following compound is expected to be a stronger 
base because the lone pair is localized, and therefore 
more available to function as a base. 


N < 
N 
/ 


The other compound exhibits a delocalized lone pair, and 
is therefore a weaker base. 


(b) The following compound is expected to be a 
stronger base because the lone pair is not participating in 
aromatic resonance (recall that 8 x electrons delocalized 
in a ring describes an unstable, antiaromatic system). It 
is available to function as a base. 


bus oe 
N= 


— 


In contrast, the other compound is aromatic, and the lone 
pair is delocalized (in order to establish aromaticity), so 
it is much less available to function as base. 


(c) The following compound is expected to be a stronger 
base because the nitrogen atom has a lone pair that is 
localized, and therefore more available to function as a 


base. 
CX 
N Ss 


The other compound exhibits a nitrogen atom with a 
delocalized lone pair, and is therefore a weaker base. 


(d) The following compound is expected to be a 
stronger base because the lone pair is not participating in 
aromaticity. The lone pair occupies an sp?-hybridized 
orbital (directed away from the ring, in the plane of the 
ring) and is available to function as a base. 


BEN 

ZN 
In contrast, the other compound (shown in the problem 
statement) exhibits a nitrogen atom with a lone pair that 
is highly delocalized (in order to establish aromaticity in 


the five-membered ring), so it is much less available to 
function as base. 


22.7. In all of these compounds, the lone pair (on the 
nitrogen atom) is delocalized throughout two aromatic 
rings: 


eo sc. 


One of the three compounds (shown in the problem 
statement) has two methyl groups (electron-donating), 
which destabilize the delocalized lone pair: 


SN 
Charge is destabilized by methyl group 


This compound is the strongest base, because the 
delocalization effect is diminished by the effect of the 
alkyl groups. 

In contrast, the following compound has an aldehyde 
group. This group is electron-withdrawing, and a 
resonance structure can be drawn in which the nitrogen 
atom bears a positive charge, and the oxygen atom bears 
a negative charge: 


Br 
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This resonance contributor is significant, and it renders 
the lone pair highly delocalized, and therefore a very 
poor base. In summary, we predict the following order 


of base strength: 
| 
A ie 
| 
one 
| 
N 
a » TA 
Br 


(0) 


Increasing Basicity 


22.8. In the reactant, the lone pair of the amino group is 
delocalized via resonance. In the product, the lone pair 
of the amino group is localized, and is therefore more 
available to function as a base. 


22.9. 
(a) At physiological pH, the amino group exists 
primarily as a charged ammonium ion: 


(b) At physiological pH, the amino group exists 
primarily as a charged ammonium ion: 


@NH3 
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(c) At physiological pH, the amino group exists 
primarily as a charged ammonium ion: 


22.10. 

(a) Butylamine can be made from 1-bromopropane, as 
shown. Treatment with sodium cyanide gives a nitrile 
(via an Sn2 reaction). Reduction of the nitrile with 
excess lithium aluminum hydride, followed by water 
workup, gives the product: 


B 1) NaCN 
Pau — OF 
2) xs LiAIH4 2 
3) H20 
NaCN PN 1) xs LiAIH4 


2) H20 


Alternatively, butylamine can be made from butanoic 
acid, as shown. Treatment with thionyl chloride gives an 
acid chloride, which can be treated with excess ammonia 
to give an amide. The amide is then reduced with excess 
lithium aluminum hydride, followed by water workup, to 
give the product: 


1) SOCL 
e 2) xs NH3 
Pa 3) xs LiAIH4 ga nh, 
4) H20 
SOCI 1) xs LiAIH, 
2) H20 
Xs SENS. 


zu Pel. 


(b) The desired amine can be made from benzyl 
bromide, as shown. Treatment with sodium cyanide 
gives a nitrile (via an Sn2 reaction). Reduction of the 
nitrile with excess lithium aluminum hydride, followed 
by water workup, gives the product: 


NH 
1) NaCN 2 
—————— 
2) xs LiAIH4 
3) HO 
NaCN CN 1)xs LiAIH, 
2} H2O 


Alternatively, the desired amine can be made from the 
corresponding carboxylic acid, as shown below. 
Treatment with thionyl chloride gives an acid chloride, 
which can then be treated with excess ammonia to give 
an amide. The amide is then reduced with excess lithium 
aluminum hydride, followed by water workup, to give 
the product: 


ond 
1) SOC 
2) xs NH3 - 
) xs NH3 
) xs LiAIH4 


o 
i xs LiAIH4 
2) H;O 
xs Ea 
oO 


(c) The desired amine can be made from 
bromocyclohexane, as shown. Treatment with sodium 
cyanide gives a nitrile (via an Sn2 reaction). Reduction 
of the nitrile with excess lithium aluminum hydride, 
followed by water workup, gives the product: 


SOCK 


Br 4) NaCN NH; 
ur 2) xs LiAIH, EI 
3) H20 
NaCN EN sAN 
er 2) H20 


Alternatively, the desired amine can be made from the 
corresponding carboxylic acid, as shown below. 
Treatment with thionyl chloride gives an acid chloride, 
which can then be treated with excess ammonia to give 
an amide. The amide is then reduced with excess lithium 
aluminum hydride, followed by water workup, to give 
the product: 


ie 1) SOCL 
2) xs NH 
Reli: S NH 
3) xs LiAIH, 
4) H20 
SOC 1)xs LiAIH4 
2) H20 


(0) 


O 


22.11. This compound cannot be prepared from an alkyl 
halide or a carboxylic acid, using the methods described 
in this section, because both methods produce an amine 
with two alpha protons: 


ZO 


R^ ^x TX 
HH 
a em 
[e EE. 
DOR 


The desired product has two methyl groups at the alpha 
position: 


H3 | CH3 


o~ NH» 


So this product cannot be made with either of the 
synthetic methods above. 


22.12. 
(a) We begin by identifying an alkyl halide that can 
serve as a precursor: 


um = Om 


In the Gabriel synthesis, phthalimide is the starting 
material, and three steps are required. In the first step, 
phthalimide is deprotonated by hydroxide to give 
potassium phthalimide, which can serve as a nucleophile 
and attack the alkyl halide above in an Sn2 process. 
Subsequent treatment with hydrazine (or aqueous acid) 
releases the desired amine: 


1) KOH 
o T 
2) 
N—H 
3) HNNH 
[9] 
Cn. 
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(b) We begin by identifying a halide that can serve as a 
precursor: 


NH2 Br 
= 


In the Gabriel synthesis, phthalimide is the starting 
material, and three steps are required. In the first step, 
phthalimide is deprotonated by hydroxide to give 
potassium phthalimide, which can serve as a nucleophile 
and attack the halide above in an Sw2 process. 
Subsequent treatment with hydrazine (or aqueous acid) 
releases the desired amine: 


4)KOH By 


N—H 
3) HaNNH» 
Ò 
NH2 


(c) We begin by identifying an alkyl halide that can serve 
as a precursor: 


NH; Br 
pe => eee 


In the Gabriel synthesis, phthalimide is the starting 
material, and three steps are required. In the first step, 
phthalimide is deprotonated by hydroxide to give 
potassium phthalimide, which can serve as a nucleophile 
and attack the alkyl halide above in an Sn2 process. 
Subsequent treatment with hydrazine (or aqueous acid) 
releases the desired amine: 


1)KOH er 


2) p TN 
N—H 


3) HoNNH»5 
[e] 


NH3 


Lage Pe 
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(d) We begin by identifying an alkyl halide that can 


serve as a precursor: 1} KOH 
P ES i P 
=> 2 
NH» Br Nes Br 
3) HoNNH; 


In the Gabriel synthesis, phthalimide is the starting 
material, and three steps are required. In the first step, 
phthalimide is deprotonated by hydroxide to give PW 
potassium phthalimide, which can serve as a nucleophile NH 
and attack the alkyl halide above in an Sn2 process. 


Subsequent treatment with hydrazine (or aqueous acid) 
releases the desired amine: 


2 


22.13. The problem statement dictates that a Gabriel synthesis be employed, so we begin by identifying a suitable alkyl 
halide that can be converted into compound 2 via a Gabriel synthesis. 
O O 
HN Br 
=y 


NMez NMe; 
2 


Since the bromine atom is attached to the alpha carbon, this halide can be installed by an alpha-halogenation of 1. 


(0) (0) 


—> 
NMe> NMe> 


Enolization of 1 under basic conditions would lead to tribromination of the alpha carbon, followed by a C-C bond 
cleaving reaction (the haloform reaction). The proper way to mono-brominate 1 involves the use of acidic conditions. 
Treatment of the ketone (1) with Br» under catalytic acidic conditions affords the alpha bromo ketone. Once the 
necessary alkyl halide has been prepared, it can be treated with potassium phthalimide, followed by hydrazine (or 
aqueous acid), to give the desired amine as shown: 


Ò 
ne kË 
Ò Ò 1) [9] 
[H30] Br o HN 
————————— 


Br 2) HINNH; 
: 2 
1 NMe; NMe; NMe; 
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22.14. Each of these bonds can be made via a reductive 
(a) The compound has two C-N bonds: amination, giving two possible synthetic routes, shown 
here: 
N 
i [H*], NaBH3CN 
Each of these bonds can be made via a reductive [e] | 


amination, giving two possible synthetic routes, shown 
here: -H 
ga 
[H*], NaBH4CN 
c^ ex 3 H 
re) [H*], NaBH3CN | 


NH 
N 2 
H 


(d) The compound has three C-N bonds: 


oO | 
H*], NaBH4CN 
T [H"] 3 N 
cr 


Each of these bonds can be made via a reductive 
(b) The compound has three C-N bonds: amination. However, two of them are equivalent 
(because of symmetry), giving two possible synthetic 
routes, shown here: 


an 
oN 
Each of these bonds can be made via a reductive a [H*], NaBH3CN 
amination. However, two of them are equivalent HN 
(because of symmetry), giving two possible synthetic 


routes, shown here: 


N 
Me [H*], NaBH3CN 


H | N j 
UN N [H*], NaBH3CN | 
HA SEATS e 
O 


(e) The compound has three C-N bonds: 


i9) [H*], NaBH3CN a 
AN : 


H^ ^u i 
Bp or 


Ó 


c) The compound has two C-N bonds: 
©) E However, one of these bonds cannot be made via a 


H reductive amination, because the starting material cannot 
N^ have a pentavalent carbon atom: 


1024 


Be N 
N 

N H 
carbon cannot 
have five bonds 
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Each of the other two C-N bonds can be made via 
reductive amination, giving two possible synthetic 
routes, shown here: 


NH [H^], NaBH3CN 


(0) 


A 
a 


OÓ 
H me 
HN [H*], NaBH3CN 
22.15. Phenylacetone is expected to give a secondary 


amine upon treatment with methyl amine in the presence 
of sodium cyanoborohydride and an acid catalyst, as 


shown: 
[HH] P 
_NaBH;CN HN 
^ CHNHS — 


Phenylacetone 


22.16. 

(a) This amine is secondary (it bears two alkyl groups). 
The source of nitrogen is ammonia, which dictates that 
each group must be installed via a reductive amination 
process. The following retrosynthetic analysis reveals 
the necessary starting materials: 


Each C-N bond can be formed via a reductive amination, 
as shown in the following forward scheme. Note that the 
two reductive amination reactions can be done in either 
order. 


1) [H*] 
v 
NaBH4CN H 
[HH CH3CHO [H*] 
NaBH3CN NaBH3CN 
NH3 O 


a 


Aw 


2 


(b) Cyclopentylamine can be made from cyclo- 
pentanone and ammonia, via a reductive amination, as 


shown: 
Des 


[ H* ], NaBH3CN 


Des fee 
NH3 


(c) This amine is tertiary (it bears three alkyl groups). 
The source of nitrogen is ammonia, which dictates that 
each group must be installed via a reductive amination 
process. The following retrosynthetic analysis reveals 
the necessary starting materials: 


pe 
H (0) H 
bd H 

H 
Each C-N bond can be formed via a reductive amination, 
as shown in the following forward scheme: 


4) [H*], NaBH4CN 
NH3 
2) [H*], NaBH4CN 


De. Sues OK 
oO _ a N 
3) [H*], NaBH3CN N 


CH0 
. [H*] 
[H] NaBH4CN 
NaBH;CN o 
NH3 
"n 
[H*] 
EN 
Oo mete [AC 
N 
H A, 


(d) This amine is secondary (it bears two ethyl groups). 
The source of nitrogen is ammonia, which dictates that 
each group must be installed via a reductive amination 
process. The following retrosynthetic analysis reveals 
the necessary starting materials: 


H H 
SC => ET * 
H 


H 


H 
* ke 
O 


Each C-N bond can be formed via a reductive amination, 
as shown in the following forward scheme: 


1) [H*] 
NaBH3CN 
[e NH3 
a DHI à 
NaBH3CN 
[Ht CH3CHO [H*] 
NaBH4CN NaBH3CN 
NH; AL 
H 


AC NB 


(e) This amine is tertiary (it bears three ethyl groups). 
The source of nitrogen is ammonia, which dictates that 
each group must be installed via a reductive amination 
process. The following retrosynthetic analysis reveals 
the necessary starting materials: 


pr Hagel 
y= 
O 
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Each C-N bond can be formed via a reductive 
amination, as shown in the following forward scheme: 


1) [H*], NaBH3CN 


NH3 
2) [H*], NaBH4CN 
P CH4CHO eo CERE Sh 
— dS o 
ah 3) [H*], NaBH3CN » 
CH4CHO 
[H] [H] 
NaBH3CN NaBH3CN 
NH3 e 
[H*] p 
NaBH3CN 
<N E As ap ean AO, 
NH; T N 


EN 


(f) This amine is tertiary (it bears three alkyl groups). 
The source of nitrogen is ammonia, which dictates that 
each group must be installed via a reductive amination 
process. The following retrosynthetic analysis reveals 
the necessary starting materials: 


OR = O- 


H 


Each C-N bond can be formed via a reductive amination, 
as shown in the following forward scheme: 


1) [H^], NaBH3CN 


NH3 
2) [H*], NaBH3CN j 
CH3CHO O 
3) [H*], NaBH3CN \ 
(CH3)}CO 
E 
a Tm 
cn 3 
pia 
[H] 
NaBH3CN n 
H2 = wur N 
N 


A 
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22.17. 

(a) The desired amine is secondary, so we must install 
two alkyl groups. The first alkyl group is installed via a 
Gabriel synthesis, and the remaining alkyl group is 
installed via a reductive amination process. There is a 
choice regarding which group to install via the initial 
Gabriel synthesis, so we choose the least sterically 
hindered group (the group whose installation involves 
the least hindered alkyl halide): 


oO © 
1) Bra 
2) HəNNH3 
© [H*] 
NaBH4CN 
[9] 


(b) The desired amine is primary, so we only need to 
install one alkyl group, which can be achieved with a 
Gabriel synthesis, as shown: 


(0) 


(c) The desired amine is tertiary, so we must install three 
alkyl groups. The first alkyl group is installed via a 
Gabriel synthesis, and the remaining alkyl groups are 
installed via reductive amination processes. There is a 
choice regarding which group to install via the initial 
Gabriel synthesis, so we choose the least sterically 
hindered group (one of the methyl groups): 


1) CH3Br 
2) H2NNH2 


? © 3H 


NaBH3CN 
NO — o 


PO OM 


4) [H*] 
NaBH4CN [H*] 
1) CH3Br CH;O NaBH4CN 
2) H2NNH3 O 
ic 
Y 
[H*], NaBH4CN MH 


CH3sNH, 7 —X 


N 
ue ^ 


(d) The desired amine is secondary, so we must install 
two alkyl groups. The first ethyl group is installed via a 
Gabriel synthesis, and the remaining ethyl group is 
installed via a reductive amination process: 


pS OP y e^ s 


2) HəNNH2 
NO ——— BOOS in 
3) [H*] H 
NaBH;CN 
CH3CHO [H*] 
NaBH;CN 
JA. 
HN O H 


(e) The desired amine is tertiary, so we must install three 
alkyl groups (all ethyl groups). The first ethyl group is 
installed via a Gabriel synthesis, and the remaining ethyl 
groups are installed via reductive amination processes. 


1) Br 
2) HNNH; 
E 
5 311 
NaBH4CN 
CH3CHO — SQN 
No —— Se 
4) [H*] 
S NaBH3CN 
CH3CHO ne 
1) B^ oN NaBH3CN 
2) HaNNH; O 
os 
[H*], NaBH3CN 
ee a 
HoN N 


BH 


(f) The desired amine is tertiary, so we must install three 
alkyl groups. The first alkyl group is installed via a 
Gabriel synthesis, and the remaining alkyl groups are 
installed via reductive amination processes. There is a 
choice regarding which group to install via the initial 
Gabriel synthesis, so we choose the least sterically 
hindered group (the ethyl group): 


1) Bp ON 
2) HNNH» 
? O9 3] 
ed NaBH3CN 
| NO oom [oN 
Z Aem 
o 
Ó 
4) [H* 
)[H] "m 
NaBH4CN NS 
1) Br 7 (CHO gum 
2) HNNH» JA. 
Y 
[H*], NaBH3CN H 
HN -A N 
> 7 
22.18. 


(a) The desired amine is secondary, so we must install 
two alkyl groups. The first alkyl group is installed via an 
azide synthesis, and the remaining alkyl group is 
installed via a reductive amination process. There is a 
choice regarding which group to install via the initial 
azide synthesis, so we choose the least sterically 
hindered group (the group whose installation involves 
the least hindered alkyl halide): 


1) NaN; 
2) Hp, Pt 
Bi SE ROE je 
3) [H*], NaBH3CN N 
(CH3)3CCHCHO 


(b) The desired amine is primary, so we only need to 
install one alkyl group, which can be achieved via an 


azide synthesis, as shown: 
Oe Des 


(c) The desired amine is tertiary, so we must install three 
alkyl groups. The first alkyl group is installed via an 
azide synthesis, and the remaining alkyl groups are 
installed via reductive amination processes. There is a 
choice regarding which group to install via the initial 
azide synthesis, so we choose the least sterically 
hindered group (one of the methyl groups): 


1) NaN3 
2) H5, Pt 
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1) NaN; 
2) Hz, Pt 
3) [H*], NaBH3CN 


[=o / 


CHBr = —————————— N 
4) [H*], NaBH3CN N 
CHO 
[H^] 
1) NaN NaBH3CN 
2) H5, Pt J 
H^ ^H 
[H*], NaBH3CN P 
CH3NH> » ES 


(d) The desired amine is secondary, so we must install 
two alkyl groups. The first ethyl group is installed via an 
azide synthesis, and the remaining ethyl group is 
installed via a reductive amination process: 


1) NaN; 
2) Ho, Pt 
: ) H2 ea 
i 3) [H*], NaBH3CN H 
CH4CHO 
[H*] 
1) NaN NaBH3CN 
2) H5, Pt O 


A, 


(e) The desired amine is tertiary, so we must install three 
alkyl groups (all ethyl groups). The first ethyl group is 
installed via an azide synthesis, and the remaining ethyl 
groups are installed via reductive amination processes. 


HN 


1) NaN3 
2) Hp, Pt 
3) [H*], NaBH3CN 
CH3CHO 
Br ©Nn > zs N a 
4) [H*], NaBH3CN zi 
CH4CHO 
[H*] 
T) NelNS NaBH3CN 
2) Hp, Pt 


ox 
[H*], NaBH3CN 
HN s o » pr SEES 


A, i 
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(f) The desired amine is tertiary, so we must install three 
alkyl groups. The first alkyl group is installed via an 
azide synthesis, and the remaining alkyl groups are 
installed via reductive amination processes. There is a 
choice regarding which group to install via the initial 
azide synthesis, so we choose the least sterically 
hindered group (the ethyl group): 


1) NaN3 
2) Hp, Pt 
3) [H*], NaBH3CN = 
Be os T N 
x A 
Ò 
4) [H*], NaBH3CN [H*] 
(CH3CO NaBH4CN 
1) NaN; O 
2) Ho, Pt PT 
[H*], NaBH3CN ji 
NS 


22.19. For the conversion of 1 to 2, the desired C-N 
bond can be installed via a reductive amination process, 
with the appropriate cyclic amine, as shown: 


Cl 
/ À "im a 
— = + = F 
o H—N 
[e B o F 
Eto 
1 


[H*], NaBH3CN 


Cl 
N Na S 
AM XE. = 
— = F 
N 
oO o F 
EtO 2 


Then, conversion of 2 to 3 requires reduction of an ester 
group, which can generally be achieved with excess 
LiAlH4, followed by acidic workup: 


nm 


Cl 
f N C em 
a = F 
" N 
O 
Eto 2 


1) xs LiAIH4 
2) H30* 


Cl 
/ \ eG ee 
= = 
N 
OH 5 
3 


22.20. Protection of the amino group (by acylation to 
give an amide) allows for direct nitration of the ring (in 
the para position). After nitration is complete, the acetyl 
group can be removed by hydrolysis of the amide in 
aqueous basic or acidic conditions: 


"1n 7 


O 
NH P NH 
s 1) cl Dy : 
2) HNO3z, H5804 
3) NaOH or H4O* 


9) NO5 
Cl A NaOH 
pyridine or 
H30* 


i9] 


nS 


HNO; 
H2504 


NO» 


22.21. Direct chlorination of nitrobenzene would result 
in a meta-disubstituted product (because the nitro group 
is meta-directing). So we must first reduce the nitro 
group into an amino group, thereby converting a meta 
director into an ortho-para director: 


NO» NH2 
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Monochlorination of aniline (in the para position) will 1) HCI, Zn 

then give the product. Unfortunately, aniline will not NO; Oo NH; 
efficiently undergo monochlorination (the ring is too pu 

highly activated to install just one chlorine atom). 2) cl , pyridine 


However, the strongly activating effect of the amino 


group can be temporarily diminished via acylation to 3) Cl; 
give the amide. Then, after monochlorination has been 4) NaOH or H4O* 
performed, the acetyl group can be removed by amide Cl 
hydrolysis in aqueous basic or acidic conditions. The 
: Pee HCl 
entire synthesis is shown here: Z NaOH 
n or 
Y H30* 
[9] 
NH2 PN 
| NN s HN 
z AL. 
fe) HN 
pyridine 


22.22. An efficient solution derives from the following retrosynthetic analysis. An explanation of each of the steps (a- 
d) follows. 


o ] : 
w^ x22 2 node = M 
H 
Y of: 
esis 


The product can be made from ethyl amine and acetyl chloride, via a nucleophilic acyl substitution reaction. 
Ethyl amine can be made from acetamide via reduction with LiAIH,, followed by water workup. 

Acetamide can be made from acetyl chloride, via a nucleophilic acyl substitution reaction. 

Acetyl chloride can be made from acetic acid upon treatment with thionyl chloride. 


aN TR 


Now let’s draw the forward scheme. Acetic acid is treated with thionyl chloride to give acetyl chloride. One 
equivalent of acetyl chloride is converted into ethylamine (via amide formation, followed by reduction), which is then 
treated with another equivalent of acetyl chloride to give the product: 


1) xs NH3 
2) xs LiAIH,4 
3) H20 
(0) (0) (0) 
pu Z k 
or! Cl . AUN 
(2 equiv.) | 
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22.23. 
(a) The starting material is an amine, and the reagents indicate a Hofmann elimination. There are two f) positions, but 
they are equivalent because of symmetry. As such, there is only one possible regiochemical outcome for the 


elimination process: 
1) excess CHsl 
» 
2) Ag20, H20, heat 


(b) The starting material is an amine, and the reagents indicate a Hofmann elimination. There are two f positions, and 
we expect elimination to occur at the f position that leads to the less substituted alkene: 


1) excess CHal Z 
———————— 
2) A920, H20, heat id 
(c) The starting material is an amine, and the reagents indicate a Hofmann elimination. There are two f positions, and 
we expect elimination to occur at the B position that leads to the less substituted alkene: 


i d . f)exessCHd 
— 2)Ag;0. HzO, heat 


22.24. The third product is perhaps the most revealing. It indicates that the structure of PCP must contain an aromatic 
ring for which the benzylic position is connected to a nitrogen atom, and the same benzylic position is also part of a 
cyclohexyl ring. This justifies formation of the first product shown. The second product indicates that the nitrogen 
atom in PCP must be incorporated in a six-membered ring. This ring is opened during formation of the third product. 


NH2 


NH2 


| 
N 
O 2) AgzO, H20, heat | 
22.25. (c) The starting material is a secondary amine, so it is 
(a) The starting material is a primary amine, so it is converted into the corresponding N-nitrosamine upon 
converted into the corresponding diazonium salt upon treatment with sodium nitrite and HCI: 
treatment with sodium nitrite and HCl: 
f 
© -N 
N7 N N 
Cl 
^o 


(d) The starting material is a secondary amine, so it is 
converted into the corresponding N-nitrosamine upon 
treatment with sodium nitrite and HCI: 


(b) The starting material is a secondary amine, so it is 
converted into the corresponding N-nitrosamine upon 
treatment with sodium nitrite and HCI: 


22.26. 

(a) The desired transformation requires installation of an 
isopropyl group in the para position, as well as 
conversion of the NH» group into a cyano group. The 
addition of the alkyl group can be achieved via a Friedel- 
Crafts alkylation, while the cyano group can come from 
a Sandmeyer reaction (via a diazonium ion). 

Now let's consider the order of events. An amino group 
is a strong activator, and therefore an ortho-para 
director, while a cyano group is a meta director. 
Therefore, in order to achieve para-disubstitution, the 
isopropyl group must be installed before conversion of 
the amino group into a cyano group: 


However, this strategy has one flaw. A Friedel-Crafts 
alkylation requires the use of a Lewis acid (AICI), 
which can interact with the lone pair of the amino group, 
thereby converting the activating amino group into a 
deactivating group (see Section 22.8). As such, a 
Friedel-Crafts alkylation will not work. This issue can 
be avoided by protecting the amino group first as an 
amide, thereby reducing the electron-donating ability of 
the lone pair on the nitrogen atom. The desired Friedel- 
Crafts alkylation is then performed (installing an 
isopropyl group), followed by hydrolysis to restore the 
amino group: 


Ta 


O 
1) PT 


2) (CH3)2CHCI, 


AlCl 
— )— NH» 


3) H30* 
And finally, conversion of the amino group into a cyano 
group is achieved in two steps. First, para- 
isopropylaniline is treated with sodium nitrite and HCl, 
giving an aromatic diazonium ion, which is then treated 
with CuCN to give a Sandmeyer reaction that affords the 
desired product: 


— )— NH2 


1) NaNO;, HCI 


2) CuCN 


+O 
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(b) The meta-directing effect of the nitro group enables 
installation of a bromine atom in the correct location (the 


meta position): 
NO; Br NO; 
Bro 
———— 
FeBra 


Now we must replace the nitro group with a bromine 
atom. One method for accomplishing this transformation 
involves the use of a Sandmeyer reaction, as seen in the 
following retrosynthetic analysis: 


@ ZN 


Br 
Sandmeyer 
S 


O5 Br NH2 
= 
S; 


2 


L, 
NZ 


or 

nos 
[ 
Now lets draw the forward scheme. The starting 
material is treated with Br» and a Lewis acid, thereby 
installing a bromine atom in the meta position. 
Reduction of the nitro group gives meta-bromoaniline, 
which is then converted into an aromatic diazonium ion 
upon treatment with sodium nitrite and HCl. The 
aromatic diazonium ion is then treated with CuBr to give 


a Sandmeyer reaction that affords the desired product, as 
shown: 


à NO; 


1) Bro, FeBra 
2) Fe, H30* 


B B 
3) NaOH : r 
————— 

4) NaNO;, HCI 


5) CuBr 


(c) The starting material is benzene and the product is 
disubstituted. Specifically, we must install a propyl 
group and a hydroxyl group. Installation of a propyl 
group without rearrangement can be achieved with a 
Friedel-Crafts acylation (followed by reduction). 
Installation of a hydroxyl group can be achieved via a 
diazonium ion, as shown in the following retrosynthetic 
analysis: 


1032 
OH N 
EI 
Cy ENS 
NO; 
O=- CW 


Now let’s consider the order of events. In order to form 
a meta-disubstituted product, we must capitalize either 
on the meta-directing effects of a nitro group, or on the 
meta-directing effects of an acyl group: 


ts © Path #2 
Ma TA d. 


The first path is flawed, because it involves a Friedel- 
Crafts acylation process on a strongly deactivated ring, 
which will not occur. Therefore, only the second 
pathway is viable. 

Now let's draw the forward scheme. A Friedel-Crafts 
acylation will install an acyl group, which is meta- 
directing. Upon treatment with nitric acid and sulfuric 
acid, a nitro group is then installed in the meta position. 
The conditions that reduce the acyl group are likely to 
reduce the nitro group as well, followed by basic 
workup, to give meta-propylaniline, which is then 
converted into an aromatic diazonium ion upon treatment 
with sodium nitrite and HCl. The aromatic diazonium 
ion is then treated with H2O and heat to afford the 
desired product, as shown: 
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1) AlCl 
CH34CH;COCI 

2) HNO3, H5S04 

3) HCI, Zn(Hg) 


o heat Ue 
EU CES NaOH 


5) NaNOs, HCI 

ACh, 6) H20, heat 1) E 

È 2) H20 

Cl heat 

o Se NES 
bd 1) HCI 


(d) Installation of a tert-butyl group can be achieved 
with a Friedel-Crafts alkylation. The carboxylic acid 
group can come from hydrolysis of a cyano group, which 
can be installed via a diazonium ion, as shown in the 
following retrosynthetic analysis: 


Now let's consider the order of events. The desired 
product is para-disubstituted, which can be achieved by 
installing the tert-butyl group first. This group is very 
large and will favor nitration at the para position, as seen 
in the following forward scheme: 


) 
2) HNOs, H2SO4 
3) Fe, H3O" OH 
4) NaOH 
5) NaNO;, HCI O 
6) CuCN 
AlCl 7) H3O*, heat H3O*, heat 
3-2 1) NaNO» 
HCl 
HNO; 2) CUCN 
H2504 1) Fe, 
HaO* NH> 


Alternatively, the first step of the synthesis above can be 
followed by a Friedel-Crafts alkylation (with Mel and 
AICl3), followed by oxidation of the benzylic position 
with chromic acid to give the desired carboxylic acid 
product. 


(e) Installation of a chlorine atom can be achieved by 
treating benzene with Cl? and AICIs (via an electrophilic 
aromatic substitution reaction). Installation of a fluorine 
atom cannot be achieved via a similar process, but it can 
be achieved via a diazonium ion, as shown in the 
following retrosynthetic analysis: 


Cp E 
0-08 


Now let’s consider the order of events. Chlorine is 
larger than fluorine, so it is reasonable to install the 
chlorine atom first (thereby favoring the para- 
disubstituted product over the  ortho-disubstituted 
product). In fact, we cannot install the fluorine atom 
first, because the directing effects of a fluorine 
substituent were not discussed in Chapter 18 (beyond 
scope of course). 


e 
N=N 


S ¢ 


Now let’s draw the forward scheme. The starting 
material is treated with Cl? and a Lewis acid, thereby 
installing a chlorine atom. A nitro group is then installed 
in the para position, upon treatment with nitric acid and 
sulfuric acid. Reduction of the nitro group gives para- 
chloroaniline, which is then converted into an aromatic 
diazonium ion upon treatment with sodium nitrite and 
HCl. The aromatic diazonium ion is then treated with 
HBF; (a Schiemann reaction) to give the desired product, 
as shown: 
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1) Ch, AlCl 
2) HNO3, H5SO 
EN O i 
3) Fe, H30* 
cl 4) NaOH 
Alci 5) NaNO;, HCI 1) NaNO; 
: HCI 
6) HBF, 
2) HBF, 


(f) This transformation can be achieved by replacing the 
chlorine atom with an amino group (via elimination- 
addition), followed by conversion of aniline into a 
diazonium ion, followed by subsequent treatment with 
CuBr (via a Sandmeyer reaction): 


Cl 4) NaNH; Br 
———— 
2) NaNO», HCI 


3) CuBr 


NH; 
NaNH; Cy 


22.27. 

(a) The target molecule has two aromatic rings. The 
ring bearing the amino group is more highly activated. 
During the azo coupling process, the activated ring 
functions as the nucleophile, and the other ring must 
function as the diazonium ion, as shown in the following 
retrosynthetic analysis: 


N NH 
^ 2 
HO3S N 
Azo 
SO3H coupling 
© ` ( Sow 
e ad 


| SO3H 


a a 


SO3H 


1) NaNOs, HCI 
2) CuBr 


The forward scheme is shown here: 
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HOS 
1) NaNO», HCI 
SO3H 
4 yw, 
esf Va A 
SO3H 


(b) In the target molecule, the ring bearing the hydroxyl 
group is more highly activated ring. During the azo 
coupling process, the activated ring functions as the 
nucleophile, and the other ring must function as the 
diazonium ion, as shown in the following retrosynthetic 
analysis: 


A 2e 


N 

HO N 
Azo 

coupling 


Hn 


nw) NO; 


The forward scheme is shown here: 


nw) 1) NaNO,, HCI 


A e 


(c) In the target molecule, the ring bearing the 
dimethylamino group is the more highly activated ring. 
During the azo coupling process, the activated ring 
functions as the nucleophile, and the other ring must 
function as the diazonium ion, as shown in the following 
retrosynthetic analysis: 


Azo 
coupling 


O;N NH; 


The forward scheme is shown here: 


ont Sw 


1) NaNOs, HCI 
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22.28. 

(a) The retrosynthesis is guided by the instructions that the synthesis must begin with 3,4,5-trimethoxyaniline. 
Disconnection at the appropriate location leads to the required diazonium salt (prepared from 3,4,5-trimethoxyaniline) 
and the dihydroxybenzene derivative shown (called 2-hydroxyphenyl-para-toluenesulfonate). 


OTs 


OH OH 


n MeO NH; 


OTs 

+ 
MeO N Azo ZN 

coupling MeO M 
—>» —37 MeO 
MeO M OMe 
OMe 
OMe 


3,4,5-Trimethoxyaniline 


Note that the electrophilic aromatic substitution reaction takes place at the position that is para to the more strongly 
activating OH group (the sulfonate ester is only a moderate activator, similar to a regular ester). The forward scheme is 
shown here: 


OTs 
OH 
ZN OTs 
MeO NH MeO N7 
^ NaNO,, HCI ® OH 

pate ad i = m 
MeO MeO N 
! 
OMe OMe MeO N 

MeO 


OMe 


(b) The trans isomer has the two aromatic rings on opposite sides of the N=N double bond. To draw the cis isomer, we 
need to place both groups on the same side of the double bond: 


OH N=N 
MeO 
Blue light 
N OM 
/ e 00 —— — —- Mo OH 
MeO N ae = 
spontaneous 
(no light) MeO OMe OMe 
MeO 
trans-PST-1 cis-PST-1 


(250x more cytotoxic) 


1036 CHAPTER 22 


22.29. Attack at either C2 or C4 generates a sigma complex intermediate that exhibits a resonance structure with a 
nitrogen atom that bears a positive charge and lacks an octet (highlighted below). Attack at C3 generates a more stable 
intermediate (carbon is more electropositive than nitrogen so a carbon atom can better stabilize a positive charge 


associated with an unfilled octet): 


E 9 
C2 H H H 
N> ATTACK ^ E zh E N E 
| ————————— | —————À ———— 
Z ZA OXY u^ 0 
N 
N C3 N N 
= ATTACK | Y OA Zoe 
| » 9 = = 
Z di NE SN E ROUTE 
NA pe H H H 
© 
C4 
N N N N 
ATTACK 
ES PS a 
A (o e 
H E I E H E 
© 
E 
22.30. Attack at the C2 position proceeds via an lower in energy than the transition state leading to the 


intermediate with three resonance structures: 


H © 
NO> 


l NO> ON NO; 


H 
N S 
Gf» DS O^ 


In contrast, attack at the C3 position proceeds via an 
intermediate with only two resonance structures: 


H H H 
f ko Oh 
iui e eas ae 

EÊ H H 


The intermediate for C2 attack is lower in energy than 
the intermediate for C3 attack. The transition state 
leading to the intermediate of C2 attack will therefore be 


intermediate of C3 attack. As a result, C2 attack occurs 
more rapidly, giving the following product: 


" i 
(3 HNOs, H2S04 N, LNO; 
W oc on 


22.31. 

(a) The second compound will have an N-H stretching 
signal between 3300 and 3500 cm'!. The first compound 
will not have such a signal. 

(b) When treated with HCI, the first compound will be 
protonated to form an ammonium salt that will produce 
an IR signal between 2200 and 3000 cmr!. The second 
compound is not an amine and will not exhibit the same 
behavior. 


22.32. 

(a) The 'H NMR spectrum of the first compound will 
have a singlet resulting from the N-methyl group. The 
IH NMR spectrum of the second compound is not 
expected to exhibit any singlets. 

(b) The !H NMR spectrum of the first compound will 
have six signals, while the 'H NMR spectrum of the 
second compound will have only three signals. 


22.33. The designation “primary” indicates that one 
carbon group, and two hydrogen atoms, are attached to 
the nitrogen atom, while the designation “secondary” 
indicates that two carbon groups and one hydrogen atom 
are attached to the nitrogen atom: 


secondary 


X H H 

| | 

MU RM Pa aaa 
H H 


primary 


22.34. 

(a) The lone pair that is farther away from the rings is the 
most basic, because that lone pair is localized. The lone 
pair of the other nitrogen atom is delocalized via 
resonance. 

(b) The dimethylamino group exhibits a localized lone 
pair, and as such, it is expected to exist primarily as a 
charged ammonium ion (pKa ~ 10; see pKa values in 
Table 3.1) at physiological pH. In contrast, the other 
nitrogen atom exhibits a delocalized lone pair, and it is 
not expected to be protonated at physiological pH (see 
discussion of the Henderson-Hasselbalch equation in 
Section 20.3). 


cl WENN 


22.35. The nitrogen atom of the amide group exhibits a 
delocalized lone pair, so this lone pair will certainly not 
be the most basic. Indeed, amides do not function as 
effective bases. Each of the remaining two nitrogen 
atoms exhibits a localized lone pair. The nitrogen atom 
of the aromatic system has the localized lone pair in an 
sp?-hybridized orbital (in the plane of the ring, and going 
away from the ring). In contrast, the other nitrogen atom 
(highlighted) has the localized lone pair in an sp?- 
hybridized orbital. The sp?-hybridized nitrogen atom 
(highlighted) is expected to be a better base than the sp?- 
hybridized nitrogen atom, because the former has a lone 
pair that is farther away from the nucleus (held less 
tightly) and is therefore more available to function as a 
base. Also, a comparison of pK; values (see Table 3.1) 
indicates that pyridine is a weaker base than triethyl 
amine (compare the pKa values of the corresponding 
ammonium ions). 
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22.36. 

(a) Pyridine is a weaker base than trimethylamine 
because the lone pair of pyridine occupies an sp?- 
hybridized orbital, rather than an sp?-hybridized orbital. 
By occupying an sp?-hybridized orbital, the electrons of 
the lone pair have more s character and are therefore 
closer to the positively charged nucleus, rendering them 
less basic. As such, trimethylamine is a stronger base 
than pyridine: 

| 


ANS 


(b) The nitrogen atom of an amide group exhibits a lone 
pair that is highly delocalized and is therefore not 
expected to function as a base. Pyridine is a stronger 
base because the lone pair is localized (the lone pair 
occupies an sp?-hybridized orbital): 


BEN 


ae 
N 


22.37. 

(a) The parent is aniline (aminobenzene), and there are 
two alkyl groups connected to the nitrogen atom (an 
ethyl group and an isopropyl group): 


AWA 


(b) The name indicates a three-membered ring connected 
to a nitrogen atom, as well as two substituents (both 
methyl groups) connected to the nitrogen atom. 


Sy 


A 


(c) The parent is a five-membered chain (pentane) that 
bears an amino group at C2. In addition, there is a 
dimethyl amino group located at C3. The configuration 
of each chiral center (C2 and C3) is indicated in the 
name: 


OOS 


(d) The name indicates a primary amine in which the 
nitrogen atom is connected to a benzyl (PhCH»-) group: 


coo 


1038 CHAPTER 22 


22.38. Only one of the nitrogen atoms (highlighted) has 
a localized lone pair. 


As such, this nitrogen atom is significantly more basic 
than the other two nitrogen atoms, each of which exhibits 
a highly delocalized lone pair. The nitrogen atom on the 
left is part of an amide group, and is not expected to 
function as a base, while the nitrogen atom on the right is 
using its lone pair to establish aromaticity. So that lone 
pair is also largely unavailable to serve as a base. 


22.39. 

(a) Recall that an atom bearing four different groups is a 
chiral center. There are two chiral centers (highlighted) 
in this compound. Notice that, in this case, the nitrogen 
atom is a chiral center because it is connected to four 
different groups (one of which is a lone pair). 


PN M 


(b) Recall that an atom bearing four different groups is a 
chiral center. There is only one chiral center 
(highlighted) in this compound. Notice that, in this case, 
the nitrogen atom is not a chiral center because it is 
connected to two identical groups (two propyl groups). 


wo 


go SKS 


22.40. 

(a) This compound is an amine that has only one alkyl 
group connected to the nitrogen atom. Since this alkyl 
group is complex, we must name the compound as an 
alkanamine (rather than an alkyl amine). The parent is 
comprised of six carbon atoms (thus, hexanamine), and 
the amino group is connected to Cl. There are four 
methyl groups (two at C2 and two at C3), resulting in the 
following name: 


2,2,3,3-tetramethyl-1-hexanamine 


(b) This compound has two functional groups (a 
carbonyl group and an NH? group). The carbonyl group 
takes priority, so the compound is named as a ketone 
(cyclohexanone), with the amino group listed as a 


substituent, located at C4. In addition, there are two 
methyl groups, both located at C2. The configuration of 
the chiral center is listed at the beginning of the name: 


(S)-4-amino-2,2-dimethylcyclohexanone 


(c) This compound is an amine in which the nitrogen 
atom is connected to three alkyl groups (two cyclobutyl 
groups and a methyl group) connected to the nitrogen 
atom, so we can name this compound as a trialkyl amine, 
in addition to naming it as an alkanamine. The alkyl 
groups are listed in alphabetical order: 

o 

N 


LI XS 


dicyclobutylmethylamine or 
N-cyclobutyl-N-methylcyclobutanamine 


(d) The parent is aniline, and there are two methyl 
groups (one at C2 and the other at C6), as well as one 
bromine atom located at C3: 


3-bromo-2,6-dimethylaniline 


(e) The parent is aniline, and there are three substituents: 
a propyl group at C3 and two methyl groups (both 
connected to the nitrogen atom). 


N,N-dimethyl-3-propylaniline 


(f) The parent is pyrrole, which by definition places the 
nitrogen at position 1, and there are three substituents: a 
methyl group connected to the nitrogen atom, and two 
ethyl groups at C2 and C5. 


N 
292 
4 3 
2,5-diethyl-N-methyl pyrrole 
22.41. The molecular formula (C4Hi11N) indicates no 


degrees of unsaturation (see Section 14.16), so all of the 
isomers must be acyclic amines. We will methodically 


consider all possible primary, secondary, and tertiary 
amines. Let’s begin our analysis with tertiary amines. 
There is only one isomer that is a tertiary amine: 


NY N N 
ethyldimethylamine or 
N,N-dimethylethanamine 


And there are three isomers that are all secondary 
amines: 


ii i 
PO DP e d 
methylpropylamine or diethylamine or 
N-methyl-1-propanamine N-ethylethanamine 


XS 


isopropylmethylamine or 
N-methyl-2-propanamine 


And finally, there are four isomers that are all primary 


amines: 
an NH3 


sec-butylamine or 
2-butanamine 


bd 


tert-butylamine or 
2-methyl- 
2-propanamine 


M _ Nhe 


n-butylamine or 
1-butanamine 


he Hie 


isobutylamine or 
2-methyl- 
1-propanamine 


22.43. 
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In total, there are eight constitutional isomers with the 
molecular formula CaHiiN. 


22.42. The molecular formula (CsHi3N) indicates no 
degrees of unsaturation (see Section 14.16), so all of the 
isomers must be acyclic amines. The following three 
isomers are all tertiary amines (acyclic and fully 
saturated), and none of them have a chiral center: 


| 
eS, 


dimethylpropylamine or 
N,N-dimethyl-1-propanamine 


d 
isopropyldimethylamine or 
N,N-dimethyl-2-propanamine 


| 
NN 


diethylmethylamine or 
N-ethyl-N-methylethanamine 


(a) The lone pair on pyridine functions as a base and deprotonates acetic acid, giving a pyridinium ion and an acetate 
ion, as shown. Two curved arrows must be drawn. The first curved arrow shows the base attacking the proton, and the 
second curved arrow shows heterolytic cleavage of the O-H bond: 


O O 
(Oe Sua. — (Y. v oh 


Base Acid 


(b) The tertiary amine functions as a base and deprotonates the carboxylic acid (benzoic acid), giving an ammonium 
ion and a benzoate ion, as shown. Two curved arrows must be drawn. The first curved arrow shows the base attacking 
the proton, and the second curved arrow shows heterolytic cleavage of the O-H bond: 
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22.44. 

(a) The amino group of aniline is an ortho-para director 
and it strongly activates the ring toward electrophilic 
aromatic substitution. When treated with excess Br2, we 


(c) When treated with excess methyl iodide, the amino 
group of aniline undergoes exhaustive alkylation to give 
a quaternary ammonium salt: 

CH3 


expect bromination to occur in the two ortho positions NH; 


&l o 
HjC-N-CH, 1 
and the para position, giving 2,4,6-tribromoaniline: 3 3 


NH3 NH; Excess CHI 


Excess Br» PI zi 


— > 
(d) Treating aniline with sodium nitrite and HCl gives a 
diazonium ion, which is then converted into benzene 

Br upon treatment with H3PO»: 


o 
Hl 
NH2 No cl 
Ò NaNO; O H4PO; (3 
HCI 


(e) Treating aniline with sodium nitrite and HCl gives a 
diazonium ion, which is then converted into benzonitrile 
via a Sandmeyer reaction (upon treatment with CuCN): 


o 
tl 
NH» NO M CN 
NaNO» CuCN 
—_> ———— 
HCI 
22.45. 


(a) This transformation does not involve a change in the carbon skeleton. Only the identity of the functional group 

must be changed. This can be achieved by converting the alcohol into an alkyl halide (upon treatment with PBrs), 

followed by an azide synthesis, as shown below. Alternatively, the alkyl halide can be converted into the desired amine 
3) Ho, Pt 


via a Gabriel synthesis. 
PBr3 1) NaN3 
2) Ho, Pt 


(b) This transformation involves a change in the carbon skeleton, as well as a change in the identity and location of the 
functional group. There are certainly many ways to install the extra carbon atom and manipulate the functional group 
as necessary. The most efficient method involves converting the alcohol into an alkyl halide (upon treatment with 
PBr3), followed by an Sn2 reaction with cyanide as the nucleophile, thereby giving a nitrile and extending the chain by 
one carbon atom. Reduction of the nitrile with excess lithium aluminum hydride, followed by water workup, gives the 
product: 


(b) Aniline is a strong nucleophile. When treated with 
an acid chloride, the amino group undergoes acylation, 
giving the following product. Pyridine functions as an 
acid sponge to neutralize the HCl that is produced as a 
by-product of the reaction. 


LO 


5. p 


1) PBr3 
2) NaNg 
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1) PBrs 


en de ————- rrr 
OH 2) NaCN 
3) xs LiAIH4 
PBr, 4) HO 1) xs LiAIH4 
2) H20 
NaCN 


a ie Sr » AN Nn 


(c) The starting material has six carbon atoms, while the product has only five carbon atoms. In order to remove a 
carbon atom, a carbon-carbon bond must be broken, which can be accomplished via ozonolysis: 


1) Os H 
OMM LM O 
2) DMS ade d * P 
H 


This strategy requires that we first convert the starting alcohol into the alkene above, which can be achieved by treating 
the alcohol with PBrs, giving an alkyl halide, followed by elimination with a strong, sterically hindered base (such as 
tert-butoxide) to give an alkene. Ozonolysis of the alkene gives pentanal, which can be converted into the product via 
reductive amination, as shown: 


1) PBrs 
2) -BuOK T 
[NANSA OMM 
OH S. 
4) DMS : 
| PEt 5) [H*], NaBHaCN, NH3 | [H], oe 
3 
o 
gr p Apr PRU 
NOEBUOK 0 xu. JN f 
A Vm 
2) DMS 


22.46. 

(a) This transformation does not involve a change in the carbon skeleton. Only the identity of the functional group 
must be changed. This can be achieved via an azide synthesis, as shown below. Alternatively, the alkyl halide can be 
converted into the desired amine via a Gabriel synthesis. 


1) NaN3 


OVV 
Br 2) Ho, Pt 


N” N” Anh, 


(b) This transformation involves a change in the carbon skeleton, as well as a change in the identity and location of the 
functional group. There are certainly many ways to install the extra carbon atom and manipulate the functional group 
as necessary. The most efficient method involves an Sn2 reaction with cyanide as the nucleophile, thereby converting 
the alkyl bromide into a nitrile, and extending the chain by one carbon atom. Reduction of the nitrile with excess 
lithium aluminum hydride, followed by water workup, gives the product: 


SNaCN 0 
P S 
“2)xs LAIH, NH2 


3) H2O 
NaCN CN 1) xs LiAIH, 
ATNA SR 


2) H20 
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(c) This transformation does not involve a change in the carbon skeleton, although the identity of the functional group 
must be changed. There are certainly many ways to change the identity of the functional group. One efficient method 
involves conversion of the carboxylic acid to the corresponding amide (upon treatment with thionyl chloride to give an 
acid chloride, followed by treatment with excess NH3). Reduction of the amide with excess lithium aluminum hydride, 
followed by water workup, gives the product: 


o 1) SOCL 
Pw 2) xs NH3 
— r ANA NSAN 
OH 3) xs LiAIH, NH» 
4) HO 
?Ho 1) xs LiAIH4 
SOCL 2 59 


i9) i9) 


pu e 2 pw S 
—————— 
Cl NH 


2 


(d) This transformation does not involve a change in the carbon skeleton, although the identity of the functional group 
must be changed. This can be accomplished via reduction of the nitrile (upon treatment with excess lithium aluminum 
hydride, followed by water workup): 


1) xs LiAIH4 
2) H20 


P Nnn EN NN Ann, 


22.47. Aziridine has significant ring strain, and this strain will increase significantly during pyramidal inversion (as 
the bond angle must increase during the geometric change associated with pyramidal inversion; see Figure 22.3). This 
provides a significant energy barrier for pyramidal inversion at room temperature. 


22.48. The diethylamino group exhibits a localized lone pair, and as such, it is expected to exist primarily as a charged 
ammonium ion (pĶa ~ 10; see pĶa values in Table 3.1) at physiological pH. In contrast, the other nitrogen atom 
exhibits a highly delocalized lone pair, and it is not expected to be protonated at physiological pH (see discussion of the 
Henderson-Hasselbalch equation in Section 20.3). 


Ò 
Ee 
N ON- 
H 


22.49. The following mechanism is based on Mechanism 19.6 (imine formation), although the final step is reduction, 
rather than a proton transfer step. In the first step, ammonia is a strong nucleophile and will attack formaldehyde 
directly. The resulting intermediate is then protonated, followed by subsequent deprotonation to give a carbinolamine. 
Protonation of the carbinolamine gives an excellent leaving group (H20), which leaves to give an iminium ion. Finally, 
sodium cyanoborohydride acts as a delivery agent of a hydride ion, which reduces the iminium ion to give methyl 
amine, as shown. 
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22.50. In acidic conditions, the amino group is 
protonated to give an ammonium ion. The ammonium 
group is a powerful deactivator and a meta-director. 


l 
N H—N2-H 


d T 
APS 


: meta director 
ortho-para director 


22.51. 

(a) In each compound, the lone pair of the amino group 
is delocalized because it is adjacent to the aromatic ring. 
However, the lone pair is more strongly delocalized for 
the compound that exhibits a nitro group in the para 
position (rather than the meta position). This extra 
delocalization is a result of the following additional 
resonance structure, in which electron density is 
delocalized onto the nitro group: 


H...LH H © -H 
eN N 
-——- 

R> 
o Ne O^ ^o 
g P ey 


A similar resonance structure (in which electron density 
is delocalized onto the nitro group) cannot be drawn for 
meta-nitroaniline. As such, the lone pair in meta- 
nitroaniline is less delocalized and is therefore a stronger 


base. This explains why para-nitroaniline is a weaker 
base than meta-nitroaniline. 


(b) The basicity of ortho-nitroaniline should be closer in 
value to para-nitroaniline, because a resonance structure 
can be drawn in which the lone pair is delocalized onto 
the nitro group: 


H.O _H 
N o° 


22.52. The starting amine exhibits two positions that are 
p to the dimethyl amino group: 


During a Hofmann elimination, the amino group is 
removed, and a double bond is formed between the a 
position and the less substituted B position, giving the 
following product: 
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22.53. Protonation of the oxygen atom gives a cation in 
which the positive charge is delocalized by resonance 
over three locations: 


do^ o" ee” 
VE NR M 
R NH» R^O"^NH; R Me 


In contrast, protonation of the nitrogen atom gives a 
cation in which the charge is localized (on the nitrogen 
atom). 


22.54. 

(a) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-e) follows. 


a. The product can be made via acetylation of the 
corresponding secondary amine. 


b. The secondary amine can be made from the 
corresponding primary amine (benzyl amine) via a 
reductive amination. 

c. Benzylamine can be made from benzyl bromide via 
an azide synthesis. 

d. Benzyl bromide can be made from toluene via 
radical bromination at the benzylic position. 

e. Toluene can be made from benzene via a Friedel- 
Crafts alkylation. 


The forward scheme is shown here. Benzene is first 
converted into toluene upon treatment with methyl 
iodide and aluminum trichloride (via a Friedel-Crafts 
alkylation). Upon treatment with NBS and heat, a 
bromine atom is installed at the benzylic position, giving 
benzyl bromide. An azide synthesis then converts 
benzyl bromide into benzyl amine. A_ reductive 
amination then installs a methyl group, followed by 
acetylation with acetyl chloride to give the product: 


[9] 
1) CH3I, AICI 
2) NBS, heat N 
Ec dee 
3) NaN; | 
4) Ho, Pt [e] 
CH 5) [H*], NaBH3CN 
AlCl CH;O Cl > PY 


6) CH3COCI, py 


(b) This transformation requires the installation of a cyclohexyl group as well as a carboxylic acid group. Installation 
of the cyclohexyl group can be achieved with a Friedel-Crafts alkylation, using chlorocyclohexane and AlCls. 
Installation of a carboxylic acid group can be achieved by hydrolysis of a cyano group (installed via a diazonium ion), 


as shown in the following retrosynthetic analysis: 


O(-O0-- OF = Om 


ITI 


Now let's consider the order of events. The desired product is para-disubstituted, which can be achieved by installing 


the cyclohexyl group first. 
following forward scheme: 


This group is very large and will favor nitration at the para position, as seen in the 


Q^ 
1) 


AlCl, 
2) HNO3, H5SO4 


CHAPTER 22 1045 


22.55. 


3) Fe, H4O* 
4) NaOH 

5) NaNO;, HCI 
6) CuCN 

7) H30*, heat 


1) Fe, H30* 
—————- 


2) NaOH 


| H30*, heat 


O-O- 


1) NaNO;, HCI 
2) CuCN 


( ——4 )—NH; 


In Chapter 20, we learned that an amide linkage can be hydrolyzed under aqueous basic conditions. In this 


case, the compound has two amide linkages, each of which is hydrolyzed via a nucleophilic acyl substitution process. 
Hydroxide functions as a nucleophile and attacks one of the carbonyl groups to give a charged tetrahedral intermediate 
that reforms the carbonyl group by expelling a negatively charged nitrogen atom as a leaving group. The resulting 
anion then undergoes an intramolecular proton transfer step, giving a more stable carboxylate ion. Then, the remaining 
amide group undergoes hydrolysis in a similar way. Specifically, hydroxide attacks the carbonyl group to give a 
charged tetrahedral intermediate that reforms the carbonyl group by expelling a negatively charged nitrogen atom as a 
leaving group. Under these conditions, the carboxylic acid group is deprotonated to give a carboxylate ion, and the 
amide ion is protonated (by water) to give an amine: 


; d. 


O 
O 
d 
e, ,H 
N, + 
Í O 
R VAT 
O 
H O.’ 
| : 
SOH on 


Q.. 


CQ oH 
[OH 
=R z GN-R 
O 
O 
£ 
C—C H 
OW 
Me 
Cane R 
10: OH 


o7 


[9] 
9. 
s5 
N 
R 
O 
[9] 
o 
Qo. 
:OH o 
H 
»* 
N 
R1 
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22.56. Hydrazine releases the amine via two successive 
nucleophilic acyl substitution reactions (as shown), 
giving the following by-product: 


o Q H 
N 
- HaN—NH» NH, 
N-R 
n J Oo H 
o 
NH y 
+ HON’ 
NH i 


22.57. 

(a) The starting material is a secondary amine and the 
reagents indicate a Hofmann elimination. In the first 
step, two methyl groups are installed, converting the 
secondary amine into a quaternary ammonium ion. 
Then, treatment with aqueous silver oxide and heat 
results in cleavage of a C-N bond (thereby opening the 
ring) and formation of a double bond, as shown: 


UH 
C3 


excess / 


Mel as 
— > 
A920, H20, 


(b) This is a Gabriel synthesis. Since the alkyl halide is 
ethyl bromide, the product is ethylamine: 


fe) 
"M 1) KOH p 
» 
2) EtBr NH2 
3) HoNNH 
o )H2 2 


(c) The starting alkyl halide is converted into a nitrile 
upon treatment with sodium cyanide in a polar aprotic 
solvent (via an Sn2 process). Hydrolysis of the nitrile 
with aqueous acid and heat gives a carboxylic acid, 
which is then converted into an acid chloride upon 


treatment with thionyl chloride. The acid chloride is 
then converted into an amide upon treatment with excess 
ammonia, via a nucleophilic acyl substitution reaction. 


p, 1) NaCN, DMSO 
d DH." heat heat 
 3)5005 
4) xs NH3 
NaCN xs NH3 
DMSO 
O 


CN 
i o 
Ho" ae SOC 


heat 


(d) Treating benzene with a mixture of nitric and 
sulfuric acid results in nitration of the aromatic ring, 
giving nitrobenzene. Subsequent treatment of 
nitrobenzene with iron in aqueous acid (followed by 
basic workup) results in reduction of the nitro group, 
giving aniline. Aniline is converted into a diazonium ion 
upon treatment with sodium nitrite and HCl, and the 
diazonium ion is converted into benzonitrile via a 
Sandmeyer reaction (with CuCN): 


1) HNO;, H2504 CN 
2) Fe, H,0* 
3) NaOH 
4) NaNO;, HCI 
5) CuCN 
rie 1) NaNO;, HCI 
eod 2) CuCN 
NO; NH2 
1} Fe, H,0* 
2} NaOH 
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22.58. The carbonyl group is converted into a dimethyl amino group via a reductive amination process. A Hofmann 
elimination then gives an alkene. The double bond cannot be formed at a bridgehead position (Bredt’s rule), so there is 
only one possible regiochemical outcome for the elimination process. Ozonolysis of the alkene gives a dialdehyde (in a 
cis configuration), which is then converted into a diamine via reductive amination of each carbonyl group. 


[H*] 1) excess Mel d 
a > 
NaBH3CN 2) Ag20, H20, heat 


(CH3)2NH 
O ANS 
1) O3 
2) DMS 
NH2 CHO 
[H*] 
——— — — — —— 
xs NaBH3CN 
NH; xs NH3 CHO 


22.59. The conjugate base of pyrrole is highly stabilized because it is an aromatic anion and it is resonance stabilized, 
spreading the negative charge over all five atoms of the ring, as shown below. Pyrrole is relatively acidic (compared 
with other amines) because its conjugate base is so highly stabilized. 


©. 


NEZ 


22.60. The desired amine is primary (it has only one 
C-N bond), and it can be made from the following 
ketone and ammonia via a reductive amination: 


22.61. 
The compound has three C-N bonds: 


h AE p 


vv 


N N 
PP e 


S 


Each of these bonds can be made via a reductive 
amination, giving three possible synthetic routes. Two 
are shown here (the third route begins with 
formaldehyde): 


[H*]. NaBH3CN 
ok 
Gr. MNT SR 2T 


D [H*], NaBH4CN / 
O^ ~Ph 
Ph 
n 


1048 CHAPTER 22 


22.62. 

(a) The starting amine is primary, so it is converted into 
the following diazonium salt upon treatment with sodium 
nitrite and HCI: 


(b) The starting amine is secondary, so it is converted 
into the following N-nitrosamine upon treatment with 
sodium nitrite and HCI: 


22.63. The target molecule has two aromatic rings. The 
ring bearing the hydroxyl group is more highly activated. 
During the azo coupling process, the activated ring 
functions as the nucleophile, and the other ring must 
function as the diazonium ion, as shown in the following 
retrosynthetic analysis: 


OH 

Nw OH 
N 
O 
O;N Azo 
coupling 
cL 
T OH 
ci? A 

OH 


The forward scheme is shown here: 


ON 
ON 


1) NaNO», HCI 
2 OH 
OH 
fe) 
OH 


22.64. 

(a) The starting material is a primary amine, and the 
reagents indicate a Hofmann elimination. There are two 
P positions, and we expect elimination to occur at the p 
position that leads to the less substituted alkene: 


(b) The starting material is a primary amine, and the 
reagents indicate a Hofmann elimination. There are two 
p positions, but only one of these positions bears a 
proton (which is necessary for elimination to occur). So, 
there is only one possible regiochemical outcome for this 
Hofmann elimination, giving the following alkene: 


22.65. 


(a) Reduction of the nitro group, followed by basic 
workup, gives meta-bromoaniline: 


NO3 NH» 


1) Fe, H30* 
— > 


2} NaOH 
Br 


(b) The starting materials are a primary amine and a 
ketone, and the reagents (sodium cyanoborohydride and 
an acid catalyst) indicate a reductive amination process, 
giving the following secondary amine: 


NH2 
+ 
CY [H*] 


NaBH4CN 


H 
( \ / 
; l 
(c) A nitrile is reduced to an amine upon treatment with 
excess lithium aluminum hydride, followed by water 


workup: 
1}xs LiAIH, NH2 
2) H20 


-— 


(d) An amide is reduced to an amine upon treatment with 
excess lithium aluminum hydride, followed by water 


workup: 
(6) 
1) xs LiAIHy 
N 
| 2) H20 
CY 
22.66. 


(a) Upon treatment with water, the diazonium group is 
replaced with a hydroxyl group, giving meta- 
bromophenol: 


Hl 
NH» No OH 
NaNO, H20 
————— ———— 
HCI 
Br Br Br 


(b) Upon treatment with HBF, the diazonium group is 
replaced with a fluorine atom (via a Schiemann 
reaction), as shown: 


Hl 
NH2 No F 
NaNO, HBF4 
———- —»- 
HCI 
Br Br Br 


(c) Upon treatment with CuCN, the diazonium group is 
replaced with a cyano group via a Sandmeyer reaction: 
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ui 
NH; No CN 
NaNO; CuCN 
HCI 
Br Br Br 


(d) Upon treatment with H3PO», the diazonium group is 
replaced with a hydrogen atom, giving bromobenzene: 


Hl 
NH; No 
NaNO; H3PO2 
HCI 
Br Br Br 


(e) Upon treatment with CuBr, the diazonium group is 
replaced with a bromine atom via a Sandmeyer reaction: 


Hl 
NH; No Br 
NaNO; CuBr 
———- ———» 
HCI 
Br Br Br 


22.67. In this case, the carbonyl group and the amino 
group are tethered together (both functional groups are 
present in one compound) so we expect an 
intramolecular reductive amination to occur, thereby 
forming a new ring to give a bicyclic product, as shown: 


NH; 


d 
rrt 


22.68. 

(a) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-f) follows. 
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a. The product is a secondary amine, which can be 
made from benzaldehyde and aniline via a reductive 
amination. 

b. Benzaldehyde can be made from benzyl alcohol via 
oxidation (with PCC or with DMP or via a Swern 
oxidation). 

c. Benzyl alcohol can be made from phenyl 
magnesium bromide and formaldehyde, via a 
Grignard reaction. 

d. Phenyl magnesium bromide can be made from 
bromobenzene, upon treatment with magnesium. 

e. Bromobenzene can be made from benzene via an 
electrophilic aromatic substitution reaction. 

f. Aniline can be made from bromobenzene via 
elimination-addition. 


The forward scheme is shown here. Benzene is first 
converted into bromobenzene upon treatment with 
bromine in the presence of a Lewis acid (AIBrs). 
Treating bromobenzene with magnesium gives a 
Grignard reagent, which can be further treated with 
formaldehyde, followed by aqueous acidic workup, to 
give benzyl alcohol (via Grignard reaction). Oxidation 
with PCC (or DMP or via a Swern oxidation) gives 
benzaldehyde, which is then treated with aniline in a 
reductive amination process to give the product. Aniline 
can be made from bromobenzene upon treatment with 
sodium amide in ammonia (via elimination-addition). 
Finally, reductive amination of benzaldehyde with 
aniline provides the final secondary amine product. 


1) Bra, AlBr3 
2) Mg 
3) CH20 
4) H3O* N 
5) PCC, CH;Cb H 
+ 
p, ©) [H'], NaBHCN A 
AIBrs CeHsNH» 
Br NaNH 
a 
: HN—Ó À 
NH; = 
: 
1) Mg [H] 
5 L NaBH3CN 
H^ ^H 
3) HO* 


OH PCC H 
—————— e 
CHCl 
(b) This transformation requires the installation of an 
amide group and three chlorine atoms (in the ortho and 
para positions). The amide group can be prepared by 


partial hydrolysis of the nitrile (which can be installed 
via a diazonium ion), as shown here: 


OX Oz 
ES 
On = OF 


O 


In order to install three chlorine atoms (in the positions 
that are ortho and para to the amide group), we must 
perform chlorination (with excess chlorine) during a 
stage in the process when the ring is highly activated 
(thereby giving  trichlorination). This can be 
accomplished immediately prior to making the 
diazonium ion, because aniline is strongly activated 
toward electrophilic aromatic substitution, giving 
trichlorination, as desired. 

The forward scheme is shown here. Benzene is first 
treated with a mixture of sulfuric acid and nitric acid, 
giving nitrobenzene. Reduction, followed by basic 
workup, gives aniline, which will undergo trichlorination 
when treated with excess chlorine to give 2,4,6- 
trichloroaniline. Treatment with sodium nitrite and HCI 
converts the substituted aniline into a diazonium ion, 
which can then be treated with CuCN to give a nitrile 
(via a Sandmeyer reaction). Partial hydrolysis of the 
nitrile with aqueous acid then gives the amide product. 


e NH; 
1) HNOs, H5SO4 
2) Fe, H30* Cl CI 
3) NaOH 
-H 
4) xs Clo 
5) NaNO;, HCI 
HNOs 6) CuCN Cl 
H2504 7) H30* A 
H30* 
nee CN 
1) Fe, H30* Ai 
2) NaOH 
1) NaNOs, HCI 
NH 2) CuCN 


NH3 
CI CI 
xs Ch G 
———- 
Cl 


(c) There are certainly many acceptable solutions to this 
problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the 
steps (a-f) follows. 


LO ot 
a [9] 
pos Ee 
M + 
HN 
b 
U^ on 
MgBr 
COs * or C= Oo 
pe 


d 


IE 
PEL 
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a. The product is an amide, which can be made from 
benzoyl chloride and aniline via a nucleophilic acyl 
substitution reaction. 

b. Benzoyl chloride can be made from benzoic acid 
upon treatment with thionyl chloride. 

c. Benzoic acid can be made from phenyl magnesium 
bromide and carbon dioxide, via a Grignard 
reaction. 

d. Phenyl magnesium bromide can be made from 
bromobenzene, upon treatment with magnesium. 

e. Bromobenzene can be made from benzene via an 
electrophilic aromatic substitution reaction. 

f. Aniline can be made from bromobenzene via 
elimination-addition. 


The forward scheme is shown here. Benzene is first 
converted into bromobenzene upon treatment with 
bromine in the presence of a Lewis acid (AIBrs). 
Treating bromobenzene with magnesium gives a 
Grignard reagent, which can be further treated with 
carbon dioxide, followed by acidic workup, to give 
benzoic acid. Treating benzoic acid with thionyl 
chloride gives benzoyl chloride, which is then treated 
with aniline in a nucleophilic acyl substitution to give the 
product. Aniline can be made from bromobenzene upon 
treatment with sodium amide in ammonia (via 
elimination-addition): 


1) Bro, AIBrs 
2) Mg Oo 
EN 3) CO; 
— H 
| 4 eno À 
5) SOCI; H 
6) CsHsNHb, pyridine A 
Bro 
AIBrs 


pyridine 
1) Mg 
2) CO; 
3) H30* 
i9) i9) 
SOClz Cl 


(d) There are certainly many acceptable solutions to this problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the steps (a-f) follows. 
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NH2 CI 
pP EN E SNR " 
BN 


pore oe 
~“o+L-o 


a. The product is an azo dye, which can be made via azo coupling from a diazonium ion and an activated aromatic 
ring. 

b. Aniline can be made from benzene via chlorination followed by treatment with sodium amide in liquid ammonia 

(elimination-addition). 

The diazonium ion can be made from meta-propylaniline, upon treatment with sodium nitrite and HCl. 

meta-Propylaniline can be made via reduction of the disubstituted ring shown. 

The disubstituted ring can be prepared via nitration of an aromatic ketone (giving nitration at the meta position). 

The aromatic ketone can be made via a Friedel-Crafts acylation. 


IE 


AR AO 


The forward scheme is shown here. One equivalent of benzene is converted into aniline via chlorination (with Cl» and 
AICl3) followed by elimination-addition (with sodium amide in liquid ammonia). Another equivalent of benzene is 
subjected to a Friedel-Crafts acylation (thereby installing an acyl group), followed by nitration (in the meta position), 
followed by conditions that will reduce both the carbonyl group and the nitro group, giving meta-propylaniline. 
Treatment with sodium nitrite and HCl gives a diazonium ion, which is then treated with aniline (in an azo coupling 


process) to give the desired azo dye. 
1) —— 


» 
AlCl 


2) HNO3, H2504 
3) HCI, Zn(Hg), heat 


NH; 


d 


1) Cb, Alla 
2) NaNH»?, NH3 


22.69. The molecular formula (CeHisN) indicates no degrees of unsaturation (see Section 14.16), so all of the isomers 
must be saturated, acyclic amines. The IR data indicates that we are looking for structures that lack an N-H bond (i.e., 
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tertiary amines). Let’s first consider all tertiary amines in which the nitrogen atom is connected to two methyl groups. 
Since there must be a total of six carbon atoms in each structure (and the two methyl groups only account for two 
carbon atoms), we must consider all of the different ways in which the remaining four carbon atoms can be connected. 
There are four ways, shown here (n-butyl, isobutyl, sec-butyl, and tert-butyl): 


| | | 
oe he pu zd da SUR 


Now let's consider all isomers in which the nitrogen atom is connected to one methyl group and one ethyl group. Since 
there must be a total of six carbon atoms in each structure (while one methyl group and one ethyl group only account 
for three carbon atoms), we must consider all of the different ways in which the remaining three carbon atoms can be 
connected. There are only two ways, shown here (n-propyl and isopropyl): 


| | 
oe eas Nee 


And finally, there is only one isomer in which the nitrogen atom has two ethyl groups. In this structure, the third group 
is also an ethyl group, giving triethylamine: 


ma Ne 


There are no other isomers possible. In total, we have seen seven different tertiary amines with the molecular formula 
CoHisN. 


22.70. The compound has two nitrogen atoms. One of the nitrogen atoms (adjacent to the aromatic ring) exhibits a 
delocalized lone pair, while the other nitrogen atom (of the NH» group) exhibits a localized lone pair. The localized 
lone pair is more nucleophilic than the delocalized lone pair, so only the NH2 group is converted into a quaternary 


ammonium ion, as shown here: 
H 
| 
0 N " 
7 N 


22.71.  Pyrrole functions as a nucleophile (preferentially at C2, as discussed in Section 22.12) and attacks acetyl 
chloride, giving a charged tetrahedral intermediate that can then expel a chloride leaving group, thereby regenerating a 
carbonyl group. The resulting cation is resonance-stabilized, much like a sigma complex. Pyridine then functions as a 
base and removes a proton, thereby restoring aromaticity and generating the product: 


a ro a ar N 
N Cl N _ AO N (CN one 
GE! C Z 
Cra CX ees — Bs — BS 
i PN 


S 


ZA 


c Si i a 
(90^ 
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22.72. 
(a) An azo coupling reaction will give the following 


product: 
^ A 2 
D5 


(b) An azo coupling reaction will give the following 


product: 
ox 
4 
e. 


(c) An azo coupling reaction will give the following 


product: 
wA owe 
1 

a 


22.73. The correct answer is (d). Option (a) has two 
nitrogen atoms, although both are expected to be weakly 
basic. The nitrogen atom on the left is not a strong base 
because its lone pair is involved in aromaticity and is 
therefore not available to function as a base (not even as 
a weak base): 


Six x electrons 


The nitrogen atom on the right is also not basic, because 
its lone pair is delocalized by resonance: 


In option (b), the nitrogen atom on the right has a lone 
pair that is delocalized, 


i i 

N Z Ne 

5 — 
—— 


but the delocalization is not as pronounced as it is in the 
case of an amide (because a resonance structure with C - 
is less significant than a resonance structure with O ). 
This compound might function as a base, although it 
would not be expected to be a very strong base, so we 
continue our analysis of the remaining two options. 
Option (c) has only one nitrogen atom, and its lone pair 
is involved in aromaticity. 

Option (d) is the correct answer, because it has a 
nitrogen atom (on the right side) with a localized lone 


pair: 
= H 
= N 
= 


This compound is the strongest base among the four 
options. 


H—N 


A 


22.74. The reactant has both an amino group and an 
aldehyde group: 
O 
T ai 
amino group aldehyde group 


In the presence of catalytic acid, these two functional 
groups are expected to react with each other, in an 
intramolecular fashion, to give an imine. Since the imine 
is formed in the presence of NaBH3CN, the imine is 
reduced to give a cyclic amine: 


NH2 Catalytic 
o  H,S04 


CX NaBH3CN Si 
— > — 

H H 

Therefore, option (a) is the correct answer. 


22.75. Option (b) gives the desired product: 


1) HNOs, H5S04 
> 

2) Fe, H30* 

3) NaOH 

4) NaNOs, HCI 

5) CUCN 


Nitration of the ring gives nitrobenzene, which is then 
reduced to give aniline. Aniline is then converted into a 
diazonium ion, followed by reaction with CuCN to give 
the product. In options (c) and (d), the second step (in 
each case) is not a viable reaction. Option (a) is not a 
known reaction. Benzene is not expected to react with 
HCN. 


22.76. The correct answer is (a). The starting material 
is an amine, and the reagents indicate a Hofmann 
elimination. There are two f positions, but they are 
equivalent because of symmetry. As such, there is only 
one possible regiochemical outcome for the elimination 


process: 
d an Q 


1) Mel (xs) 
2) Ag20, H20, heat 


22.77. The correct answer is (c). The reaction sequence 
begins with acylation of the amino group. With the 
amino group protected as an amide, the aromatic ring can 
safely undergo nitration of the ring (in the para position). 
After nitration is complete, the acetyl group is removed 
by basic hydrolysis of the amide: 


NH; oO NH, 


jus | Py 


2) HNO5, H2504 


3) NaOH, H5O 
NO 
Ò py 2 
Me. NaOH 
Cl H20 


NO5 
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22.78. | The correct answer is (c). Halides are ortho- 
para directing, but the bromine and chlorine atoms have 
a meta relationship in the product, so a meta directing 
group must have been present at some point during the 
synthesis. A nitro group can be used for its meta- 
directing effect, and the nitro group can be replaced with 
a halide by using a Sandmeyer reaction: 


Sandmeyer 


Now let's consider the forward process. The synthesis 
begins with nitration of benzene. Nitrobenzene is then 
treated with Br? and a Lewis acid, thereby installing a 
bromine atom in the meta position. Reduction of the 
nitro group gives meta-bromoaniline, which is then 
converted into an aromatic diazonium ion upon treatment 
with nitrous acid (produced in situ by combining sodium 
nitrite and HCl). The aromatic diazonium ion is then 
treated with CuCl to give a Sandmeyer reaction that 
affords the desired product, as shown: 


1) HNO3, H2804 CI 
s Bro, FeBrs 
3) Fe, _3)Fe,H307 
“4)NaOH ^ 
5) NaNOs, HCI Br 
HNO% 6) CuCl 
H2S04 | [evi 


NO; N 
| GN 


B Br 
P NaNO, 
Sura HCI 

1) Fe, HO*- 


OO, 


2)NaOH NaOH 
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22.79. The correct answer is (a). The target molecule is 
an amine, and the carbon chain has been extended by one 
carbon atom. The amine can be prepared from the 
corresponding nitrile, which is suitable for the required 
C-C bond disconnection: 


NH 
po SSS Be A 


" 


b+ 
Ou 
Ph^ Cl ‘CEN 
Electrophile Nucleophile 


Now let’s consider the forward process. Treatment of 
benzyl chloride with sodium cyanide gives a nitrile (via 
an Sw2 reaction). Reduction of the nitrile with excess 
lithium aluminum hydride, followed by aqueous workup, 
gives the desired product: 


1) NaCN NH 
dS 2 
Ph Cl  2)xs LiAIH, Phá 
3) H2O 
TN f xs LIAIH4 
2) HO 
Ph ~C=N 


22.80. The molecular formula (CsHi3N) indicates no 
degrees of unsaturation (see Section 14.16), so all of the 
isomers must be saturated, acyclic amines. The IR data 
indicates that we are looking for structures that lack an 
N-H bond (i.e., tertiary amines). As seen in the solution 
to Problem 22.42, there are three isomers that fit this 
description: 


| | | 
PP, ae Sy 


The first compound above is expected to exhibit four 
signals in its 'H NMR spectrum. Only the latter two 
isomers are expected to produce three signals in their 'H 
NMR spectra: 

| | 


"yet Se 


22.81. The molecular formula (CsHi7N) indicates one 
degree of unsaturation (see Section 14.16), so the 
structure must contain either one double bond or one ring 
(but not both). We are given the product obtained when 
coniine is subjected to a Hofmann elimination, which 
allows us to determine the structure of coniine, as shown 
in the following retrosynthetic analysis: 


LPR OP id = Z wo \_~ 


gels. ANS 


(S)-N, N-dimethyloct-7-en-4-amine 


Ih 
Quum foe 
Pd 
a * My ON \ 
/\ 


Coniine 
(CgHi7N) 


The N-H bond in coniine is responsible for the one peak 
above 3000 cm” in the IR spectrum. 


22.82. The molecular formula (C4H10N2) indicates one 
degree of unsaturation (see Section 14.16), so the 
structure must contain either one double bond or one ring 
(but not both). The 'H NMR spectrum has only two 
signals, indicating a high degree of symmetry. One of 
these signals vanishes in  D2O, indicating an 
exchangeable proton, consistent with an N-H bond. The 
other signal must account for all of the other protons. 
The following structure accounts for all of the 
observations: 


The two N-H protons are equivalent (because of 
symmetry), and they produce one signal in the 'H NMR 
spectrum. The four methylene (CH2) groups are all 
equivalent, giving rise to the second signal in the 'H 
NMR spectrum. 
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22.83. There are certainly many acceptable solutions to this problem. One such solution derives from the following 
retrosynthetic analysis, in which the final step of the synthesis employs the strategy described in the problem statement 
(opening an epoxide with an amine functioning as the nucleophile). An explanation of each of the steps (a-f) follows. 


H 
HO | o 


=> + CHNH3 


O 
VA A, + NH3 


e 

S 

a. The product can be made by treating the appropriate epoxide with methyl amine, as described in the problem 
statement. 

. The epoxide can be made from the corresponding alkene, upon treatment with a peroxyacid. 

c. Thealkene can be made from an alcohol, via acid-catalyzed dehydration. 

d. The alcohol can be made from a ketone, via a Grignard reaction (with methyl magnesium bromide, followed by 
aqueous acidic workup). 


e. The ketone can be made from benzene via a Friedel-Crafts acylation. 
f. Methylamine can be made from formaldehyde and ammonia via a reductive amination. 


The forward scheme is shown here. Benzene is treated with an acyl chloride and AlCls, thereby installing an acyl 
group via a Friedel-Crafts acylation. The resulting ketone is then treated with methyl magnesium bromide, followed by 
aqueous acidic workup, to give a tertiary alcohol. This alcohol undergoes dehydration upon treatment with 
concentrated sulfuric acid and heat, giving the more substituted alkene (Zaitsev product). Treating the alkene with a 
peroxyacid gives an epoxide. The epoxide is then converted into the desired product upon treatment with methyl amine 
(which can be made from formaldehyde and ammonia via a reductive amination process). 


[e (e) HO 
ea 1) MeMgBr 
————————- ————————- 
AlCla 2) H30° 
conc. H2SO4 
heat 
Ji [H*], NaBH4CN ~ 
NH3 
H H 
RCO3H 
HO $ 


N 
ix CH3NH; 


22.84. There are certainly many acceptable solutions to this problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the steps (a-e) follows. 
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" OB - OB, OEt 
=> x = 
JUL T pus OD LY 
| HoN ON 
H V 
a OEt 
Ca MI 


The product has an amide group, which can be made via acetylation of the amino group in 4-ethoxyaniline. 
4-Ethoxyaniline can be made from the corresponding nitro compound via reduction. 

The nitro compound can be made from ethoxybenzene, via nitration of the aromatic ring (in the para position). 
Ethoxybenzene can be made from chlorobenzene, via elimination-addition (upon treatment with hydroxide at high 
temperature), followed by a Williamson ether synthesis. 

e. Chlorobenzene can be made from benzene via an electrophilic aromatic substitution reaction. 


an SR 


The forward scheme is shown here. Benzene is treated with Cl» and AICls, thereby installing a chlorine atom. Heating 
chlorobenzene (at 350°C) in the presence of hydroxide gives an elimination-addition process that gives a phenolate ion 
as the product. Rather than protonating the phenolate ion to give phenol, we can treat the phenolate ion with ethyl 
iodide, giving ethoxybenzene via an Sn2 process. When ethoxybenzene is treated with a mixture of sulfuric acid and 
nitric acid, nitration occurs at the para position (the ethoxy group is an ortho-para director, and the para position is 
favored because of steric factors). Reduction of the nitro group, followed by acetylation of the resulting amino group, 
gives the desired product. 


1) Clo, AICI 
2) NaOH, 350°C 


OEt 
3) Et e 
4) HNOs, H;S04 p 
N 
H 


5) Fe, H4O* 
Clo 6) NaOH 
7) CH4COCI, py O 


AlCl p 
Cl, py 
O ont 
NaOH Mo 
or "CEU or ^" NOs Jt OF 4) Fe, Hao" 
H5SO4 O;N 2) NaOH 


22.85. There are certainly many acceptable solutions to this problem. One such solution derives from the following 
retrosynthetic analysis. An explanation of each of the steps (a-g) follows. 
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N NH2 Y © 
4 => = 
on \—n on Scias ra 
2 5 K 
f NO2 
om c 


(S e (Sow 


a. The product is an azo dye, which can be made via azo coupling from a diazonium ion and an activated aromatic 
ring. 

The diazonium ion can be made from para-nitroaniline, upon treatment with sodium nitrite and HCl. 

c. para-Nitroaniline can be made from aniline via nitration. This process requires the use of a protective group (via 
acylation) prior to nitration, and removal of the protective group after nitration (because aniline will not directly 
undergo nitration to give para-nitroaniline). 

d. Aniline can be made from benzene via nitration followed by reduction of the nitro group. 

e. The substituted aniline can be made via reduction of the corresponding nitro compound. 

f. The nitro compound can be made via nitration. This process requires the use of a blocking group (via sulfonation) 
prior to nitration, so that nitration will occur at the ortho position (rather than the para position). Desulfonation is 
then required after nitration (to remove the sulfonic acid blocking group). 

g. Isopropyl benzene can be made from benzene via a Friedel-Crafts alkylation. 


The forward scheme is shown here: 


= Oe H5SO4 NO» 
ACh — EL FSO HNO;, H5804 
3) Dilute H2504 
1) HNO3, H5S04 . 
2) Fe, H4O* 1) Fe, H30 
3) NaOH 2) NaOH 
NH» 
NH» 
[9) 
| 1) PT , pyridine e 
- ON N=N 
2) HNO3, H2504 o 
3) H30* el 
4) NaNOs, HCl 


N NH; 
4 
ont Sw 
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22.86. The starting material can lose both carbon dioxide and nitrogen gas, as shown below, to give a very reactive 


benzyne intermediate. 
Section 18.14, to give the cycloadduct shown. 


ON 
VN heat 
De. w—— 
O benzyne 


(see Chapter 18) 


+ Nọ + COs 


22.87. The molecular formula (CeH15N) indicates no 
degrees of unsaturation (see Section 14.16), so the 
structure does not contain a t bond or a ring. That is, the 
structure must be a saturated, acyclic amine. The 'H 
NMR spectrum exhibits the characteristic pattern of an 
ethyl group (a quartet with an integration of 2 and a 
triplet with an integration of 3). 


n 
t 
H H 


There are no other signals in the !H NMR spectrum, 
indicating a high degree of symmetry. That is, these two 
signals must account for all fifteen protons in the 
compound, indicating that there are three equivalent 
ethyl groups. The compound is therefore triethylamine: 


ANON 
= 


This analysis is confirmed by the ^C NMR spectrum, 
which has only two signals, both below 60 ppm (one 
signal for the three equivalent methyl groups and another 
signal for the three equivalent methylene groups). 


22.88. The molecular formula (CsH11N) indicates four 
degrees of unsaturation (see Section 14.16), which is 
highly suggestive of an aromatic ring. The multiplet just 
above 7 ppm in the 'H NMR spectrum corresponds with 
aromatic protons, which confirms the presence of an 
aromatic ring. The integration of this signal is 5, which 
indicates that the ring is monosubstituted: 


H H 


H H 


The presence of a monosubstituted ring is confirmed by 
the four signals between 100 and 150 ppm in the C 
NMR spectrum (the region associated with sp?- 


This intermediate can then react with furan in a Diels-Alder reaction, as first described in 


CB e 


hybridized carbon atoms), just as expected for a 
monosubstituted aromatic ring: 


On 


In the 'H NMR spectrum, the pair of triplets (each with 
an integration of 2) indicates a pair of neighboring 
methylene groups: 


X 


- 


I-O-rI 


These methylene groups account for the two upfield 
signals in the ^C NMR spectrum. 

Thus far, we have accounted for all of the atoms in the 
molecular formula, except for one nitrogen atom and two 
hydrogen atoms, suggesting an amino group. This would 
indeed explain the singlet in the 'H NMR spectrum with 
an integration of 2. 

We have now analyzed all of the signals in both spectra, 
and we have uncovered the following three fragments, 
which can be connected to each other in only one way: 


H H 


ec 


22.89. The product has four C-N bonds, each of which 
can be prepared via a reductive amination process. As 
such, the product can be made from the following 
starting materials (two equivalents of ammonia and two 
equivalents of a dialdehyde): 


HN NH 


The necessary dialdehyde has only three carbon atoms, 
but the starting material (benzene) has six carbon atoms. 
This suggests that we must somehow break apart the 
aromatic ring into two fragments. This might seem 
impossible at first, as we have seen that aromatic rings 
are particularly stable. We did, however, cover a 
reaction that destroys aromaticity (a Birch reduction will 
convert benzene into 1,4-cyclohexadiene). If a Birch 
reduction is followed by ozonolysis, the resulting 
dialdehyde can then be treated with excess ammonia and 
excess sodium cyanoborohydride (with an acid catalyst) 
to give the product: 


1) Na, NH3, CH30H a 
T > DW A 
3 


3) DMS 
4) [H*], xs NaBH3CN, 
Ae ie xs NHs [H*] 
3 xs NaBH3CN 
xs NH3 
1) 04 [9] 0 
—————- 
2) DMS oe 


22.90. The starting material exhibits a five-membered 
ring, while the product exhibits a six-membered ring that 
contains a nitrogen atom. Since we have not learned a 
way to insert a nitrogen atom into an existing ring, we 
must consider opening the ring, and then closing it back 
up again (in a way that incorporates the nitrogen atom 
into the ring). There are certainly many acceptable 
synthetic routes. One such route derives from the 
following retrosynthetic analysis. An explanation of 
each of the steps (a-d) follows. 


T : [e] . HE 
— i 
[e] 
H EN 
Br p 
d 
<— 


a. The product is a tertiary amine, and it can be made 
from a dicarbonyl compound and methyl amine, via 
two reductive amination processes. 
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b. The dicarbonyl compound can be made via 
ozonolysis of 1-methylcyclopentene. 

c. l-Methylcyclopentene can be made from 1-bromo- 
1-methylcyclopentane via an elimination reaction. 

d. l-Bromo-1-methylcyclopentane can be made from 
methylcyclopentane via radical bromination. 


The forward scheme is shown here. Methylcyclopentane 
will undergo radical bromination selectively at the 
tertiary position, giving a tertiary alkyl bromide. This 
alkyl bromide will undergo an elimination reaction upon 
treatment with a non-hindered strong base, such as 
sodium ethoxide, to give the more substituted, Zaitsev 
product. Ozonolysis of the resulting alkene gives a 
dicarbonyl compound, which can then be converted into 
the product upon treatment with methyl amine and 
sodium cyanoborohydride (with acid catalysis): 


1) Bro, hv 

2) NaOEt 

3) 0 NT 

> 

4) DMS 

5) [H7] 
Br; xs NaBH3CN u* 
hv CH3NH> [ ] 

xs NaBH3CN 
Br CH3NH5 
(8) oO 


ee 


NaOEt 1) O 
2) DMS 


22.91. This amine is tertiary, and each C-N bond can be 
made via a reductive amination process, as shown in the 
following retrosynthetic analysis: 

Hy N^ H 


| 
H =H oH 

Oo oO 
CO = Ci) 


The necessary tricarbonyl compound can be made from 
the starting material via ozonolysis, as shown in the 
following forward scheme: 


1) 03 
Sn el 
H 3) [H*] 
xs NaBH3CN 
NH3 
1) O3 [H*] 
2) DMS xs NaBH3CN 
NH3 
[e [e [e 


ee ee Lot 
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22.92. The starting material has nine carbon atoms, while the product has ten. The identity of the functional group has 
also changed, so we must propose a synthesis that introduces the tenth carbon atom and installs a x bond in the 
appropriate location. There are certainly many ways to achieve the desired transformation. One method involves 
introduction of the tenth carbon atom via conversion of the starting alkyl halide into a nitrile upon treatment with 
cyanide (an Sn2 reaction). Reduction of the nitrile with excess LiAIH,, followed by water workup, gives an amine, 
which can then be converted into the desired alkene via a Hofmann elimination, as shown: 


NH 
Br 1) NaCN 2  4jexcess CHyl S 
— > a 
2) xs LiAIH4 2) Ag20, H20 


3) HO heat 


NECN 1) xs LIAIH4 
2) O 
UP ~ 


As an alternate approach, the starting alkyl halide can be treated with NaOH to give an alcohol, which can be oxidized 
(with PCC or with DMP or via a Swern oxidation) to give an aldehyde. This aldehyde can then be converted directly 
into the product with a Wittig reaction (by treatment with Ph?P=CH2). 


22.93. The structure of the intermediate alkene can be determined from the products of ozonolysis (butanal and 
pentanal). Based on the ozonolysis products alone, we cannot determine the configuration of the alkene (E or Z): 


O 
1)0s 
A UN ae a Sawa E t 
2) DMS TRE E "e 
(E or Z) (0) 


The £ alkene can be made via a Hofmann elimination from two possible amines: 


NH2 
T ee 
= 
Ser QU X Ld 
=> 


ile nae 


NH3 
But only one of these amines lacks a chiral center, as shown below (due to symmetry): 


NH» 


RIA AAS 


Compound A 
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22.94. Sodium nitrite is protonated upon treatment with HCl, giving nitrous acid (HONO), which can be further 
protonated under these acidic conditions. The resulting cation can lose water (an excellent leaving group), giving a 
nitrosonium ion, as shown: 


[9) 
II 
N 


o o 
Boe ub l ame I - H20 [e o? 
Q: Na MÀ ee == 


sil NaC| + N 


The amino group attacks the nitrosonium ion, giving a cation, which then loses a proton to give an intermediate N- 
nitrosamine. Protonation, followed by deprotonation, gives a tautomer of the N-nitrosamine. Protonation of this 
tautomer, followed by loss of a leaving group (water) gives a diazonium ion. Loss of the diazonium group (as N2 gas) 
would generate a primary carbocation, which is unlikely to occur because of the high energy cost associated with 
primary carbocations. However, a hydride shift can occur at the same time as the leaving group leaves (see the 
discussion at the very end of Section 7.8), giving a secondary carbocation. A subsequent methyl shift generates a more 
stable, tertiary benzylic carbocation. Finally, deprotonation gives the product. Notice that in acidic conditions, water 
functions as the base for all deprotonation steps, rather than hydroxide (which is not measurably present in acidic 


conditions). 
@N=O 
—————— 
B Ho 
"N OPN 2n 
3 | ZOS 
H H H H 
H 
m o P Sn 
sor xu 3 NA ue H DE 
N=N o: N—N of? N—N 
HH B 
€1 x hu 
H f / 4 
RENS H ON 
- HO -No 
— o — o 
aa H y 
ZOS 
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22.95. There are certainly many acceptable solutions to 
this problem. One such solution derives from the 
following retrosynthetic analysis. An explanation of 
each of the steps (a-d) follows. 


H 
l m E 
< `H ie) | 


Oo NS 
oO 
d 
< 
a. The product can be made from the corresponding 


eu 
dicarbonyl compound via reductive amination with 


excess dimethyl amine (thereby converting each 
carbonyl group into a dimethyl amino group). 

b. The dicarbonyl compound can be made via 
ozonolysis of 1-methylcyclohexene. 

c. 1-Methylcyclohexene can be made from 1-bromo- 
1-methylcyclohexane via elimination with a strong 
base. 

d. l-Bromo-l1-methylcyclohexane can be made from 
the starting material via radical bromination at the 
tertiary position. 


Now lets draw the forward scheme. Radical 
bromination of the starting cycloalkane gives a tertiary 
alkyl bromide, which is then converted into the more 
substituted, Zaitsev alkene upon treatment with a strong, 
non-hindered base, such as ethoxide. Ozonolysis causes 
cleavage of the C=C bond, thereby opening the ring and 
giving a dicarbonyl compound, which can then be 
converted into the product via reductive amination, upon 
treatment with excess dimethylamine and sodium 
cyanoborohydride with acid catalysis. 
T——————Me 


CHE 
N PA 
30, 7 N 


4) DMS | 
5)[H] 
Bro, xs NaBH3CN 
hv xs (CH3)5NH 


1) Bra, hv 
2) NaOEt 


[H*] 
xs NaBH3CN 
xs (CH3)oNH 


H 
Br O 


O 
1) O3 
NaOEt or 2) DMS 


22.96. Protonation of the highlighted nitrogen atom results in a cation that is highly resonance-stabilized. Protonation 
of either of the other nitrogen atoms would not result in a resonance-stabilized cation. 


WA 


HN 


H.@_H H 


uA. m o E 
—— |H H HON HAAA H 
NH; ^NÁ NZ CN ENT N 


al ) 
H H H 


x, 2H HV ^H Pese 
Hy 2 JH 
i ey N ce 

H H H H 


22.97. Two steps are required. The secondary amine must be methylated to give a tertiary amine, and the halogen (Cl) 
must be replaced with azide. The first step can be achieved via a reductive amination (the nitrogen atom cannot simply 
be methylated by using Mel, because that would result in over-alkylation, giving the quaternary salt, RaN* I). Then, in 
the second step, Cl can function as a leaving group in an Sn2 reaction with sodium azide, to afford compound 2. 


Ó 


qo jp 


[H*], NaBH3CN 


CO4Me 


E un A come 
Ph Ph 
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22.98. We begin by identifying the bond that must be made: 


Cl 


N N 

a a 

HO un N un 
O 1 dd 2 


In order to form the desired C-N bond, the carboxylic acid can be reduced to an alcohol (which can be achieved with 
excess LiAIHa followed by acidic workup), but then we must decide what to do with the alcohol. 


N CI 


d JxsLiAM, 
— — —- Leaving group or aldehyde? 
HO N | DHO g:group oraiqenyae 


We can either convert the alcohol into a leaving group (OTs, Cl, Br) and then treat it with cyclopentylamine in an Sn2 
reaction, or we can convert the alcohol into an aldehyde and then perform a reductive amination with 
cyclopentylamine: 


ZN Cl Sy2 
/ Br SN | \ N Cl 
N 
z | CI N S 
HO S M. 2 
m 
amination 


The first path is expected to be inefficient, because it will be difficult to achieve monoalkylation. More likely, 
polyalkylation will occur, especially with the activated benzylic leaving group. The second path is expected to be more 
efficient, which gives the following synthesis: 


N CI N CI 
)xs _1) xs LIAIH4 — a | PCC Aa 
——— 
2 2)H0' — uo Ss H SN 
O 
N CI 

H a | 

| + 

ER [H*], NaBH3CN 

qu O- 


-I 
N 


NH2 


1066 CHAPTER 22 


22.99. The starting material has a primary amino group. When treated with excess methyl iodide, it will undergo 
exhaustive methylation to produce a quaternary ammonium salt. When this salt is treated with NaOH, first an anion 
exchange occurs, followed by an E2 elimination to produce an alkene (Hofmann elimination). At this stage it would be 
useful to take inventory of the other functional groups in the molecule. The starting material also contains an ethyl 
ester. Esters will undergo base-promoted hydrolysis (saponification) when treated with aqueous sodium hydroxide 
(Chapter 20). Amides also undergo hydrolysis when treated with aqueous sodium hydroxide, to afford a carboxylic acid 
as well as an amine (also Chapter 20). In this case, the product has the molecular formula CioH17NO2. 


H H H 
COjEt Excess cot 907 COEt 
CHsI NaOH 
d N LE o N = ON 
H TW H Ed H 
NH» NO © o 


© 
H o 
CO;H aie CO, ue COEt 
NaOH NaOH 
HN ZA » oO N PA oO N ZA 
H neutralization hd H ld H 
C10H17NO2 
22.100. 


(a) The ketone group of compound 2 undergoes reductive amination (the ester group is unreactive under these 
conditions) to give compound 3, as shown below: 


O H O Ph^ "N^ H © 
nv AL PhCHoNH; NAL 
y “OMe _ NaBHaCN y "oMe 
: AcOH = 
2 heat L 3 


Notice that compound 2 has only one chiral center (highlighted below), and its configuration is not affected during the 
conversion of 2 to 3. Compound 3 has two chiral centers (highlighted below), because a new chiral center is created 
during the conversion of 2 to 3: 


O H Ọ W e. dS 
" PhCHNH» " 
i OMe NaBH3CN i OMe 
cr z AcOH Z 
2 heat L 3 


This new chiral center is formed when an iminium ion (formed from compound 2) is reduced by the hydride reducing 
agent (NaBH3CN) to give 3: 


iminium ion 
jh intermediate 
GO H UH 
Bo H 6 oN H Ph^ ^N o 


| | ? 
N A N A 
OMe H OMe 
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Focus carefully on the reduction step above, in which the new chiral center is created. Since the reducing agent can 
approach from either face of the C=N n bond, we would expect the following two diastereomeric products: 


H 
Ph^ ^N^ Hoo 
open A 
N $ OMe 
H 


(b) The problem statement indicates that compound 3 undergoes a reaction that produces a cyclic amide. So we inspect 
the structure of 3 to determine which functional groups can react with each other to produce a cyclic amide. 
Compound 3 has two amine groups and one ester group, 


This type of reaction is generally slow and inefficient, but in our case, the reaction is intramolecular, so it can occur 
more rapidly. The reaction can occur in two possible ways, either forming a 3-membered ring or a 6-membered ring, 
depending on which amine group reacts with the ester group: 


Formation of a 3-membered ring 


Formation of a 6-membered ring 
H ww 
Ph H fo Ph^ ^N A 


N Nv 
di A ~OMe H 
———- 


The 3-membered ring will be higher in energy than the 6-membered ring as a result of significant ring strain in the 3- 
membered ring. As such, the 6-membered ring will be formed as the product. 

Since compound 3 was formed as a diastereomeric mixture, we expect that compound 4 will also be produced 
as a diastereomeric mixture: 
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22.101. 
(a) Hydrogenation of an azide is expected to give an amine. 
E ME. 
BUO, N _ À H2 HBuO, LN. À 


o 
A 
zZ 
o 
N 


Compound 2 is a primary amine, and the problem statement indicates that it reacts with methyl acetoacetate to give an 
imine. We saw in Chapter 19 that an imine is the product generated when a primary amine is treated with a ketone. 
Methyl acetoacetate does have a ketone group, so we expect that compound 3 will have the following structure: 


In Chapter 19, we saw that the process was catalyzed by acid, but in this case, the problem statement indicates that acid 
catalyst was not employed, and the reaction proceeded without it. 


(b) Tautomerization can occur either in acid-catalyzed conditions or in base-catalyzed conditions. In fact, even if we 
do not introduce either acid or base, there should be sufficient quantities of either (adsorbed to the surface of the 
glassware) to catalyze the tautomerization process. The problem statement asks us to draw an acid-catalyzed 
mechanism. Much like keto-enol tautomerization, the process should require two steps (protonation and 
deprotonation). In acidic conditions, protonation occurs first, to give a resonance-stabilized cation, which then 
undergoes deprotonation: 


bU 
5 "du. Roch O DE. 
H 
Jd eme ses 
OMe OMe © OMe 
H H 


ot 


R, LH 
N [9] 
Pee 
OMe 


(c) The following are three reasons why the enamine is particularly stable in this case: 


(1) The presence and proximity of the ester group allows for conjugation with the C=C bond, which is a 
stabilizing factor: 


conjugated 


(2) The lone pair of this enamine is particularly delocalized, as a result of the resonance structure shown 
below. This delocalization contributes to the stability of this enamine. 


R, -H R.O€ H 
N © 


-N oO [e] 
EE » 
Soke Z 
OMe OMe 


(3) The presence and proximity of the ester group enables intramolecular hydrogen bonding, which is also a 
stabilizing factor. 
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All three factors (described above) contribute to the enhanced stability of the enamine in this particular case, and as 
such, the equilibrium favors formation of the enamine. 


22.102. The mechanism begins as we would expect for the formation of an imine by reaction of a primary amine and 
an aldehyde. The nucleophilic amino group of compound 1 attacks the electrophilic carbonyl group of the aldehyde to 
produce intermediate 3. After three successive proton transfer steps, water is lost, by collapse of a charged tetrahedral 
intermediate, producing iminium ion 7. The iminium ion is an electrophile that can be trapped by a nucleophile. In this 
example, the nucleophile is the attached aromatic ring. In Chapter 18, we learned about electrophilic aromatic 
substitution reactions (such as the Friedel-Crafts acylation); we know that the two methoxy groups in 7 sufficiently 
activate the aromatic ring, enabling the ring to function as a nucleophile and attack an electrophile. Nucleophilic attack 
by the aromatic ring will produce the sigma complex intermediate 8, in which the electrophilic group has been added 
para to one of the methoxy groups. Next, deprotonation will restore aromaticity and produce compound 9. This 
process is known as the Pictet-Spengler condensation reaction. In the final stage of the synthesis, the lone pair on the 
nitrogen atom will function as a nucleophile and initiate a back-side attack on the 1° alkyl chloride (Sn2-type process) 
to form the 5-membered ring. A final deprotonation produces desired product, compound 2. 


HCO 


H3CO 
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22.103. If we redraw the starting material so that the pendant x bond is in close proximity to the diene, we can 
envision a thermal [4+2] Diels-Alder reaction occurring. Notice that the dienophile will approach the diene, resulting in 
the oxo-bridge on one face and the ester group on the other face of the newly formed system. After cyclization, 
compound 2 can undergo a nitrogen-induced fragmentation that will result in the formation of a C-N m-bond via the 
breakage of the C-O o-bond. Compound 3 has a highly electrophilic a,f-unsaturated iminium ion that can be trapped 
by methanol to produce intermediate 4. Because the top face of the six-membered ring is hindered by the alkoxide, 
methanol will approach from the bottom face, thereby installing the methoxy group on a dash. The final two steps of 
the mechanism are proton transfer steps, producing the desired compound (6). 


Chapter 23 
Organometallic Compounds 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 23. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


Organolithium (RLi) and organomagnesium (RMgX) compounds are strong bases and strong 
Alkenes will react with ICH2ZnI to form a three-membered ring, in a process called 1 
Stille coupling, which occurs in the presence of a suitable palladium catalyst, is the reaction between an 
and an organic electrophile to form a new C-C o bond. The coupling process is 
stereospecific. It is observed to proceed with of configuration at each of the C=C units. 
Suzuki coupling, which occurs in the presence of a suitable palladium catalyst and a base, is the reaction 
between an and an organic electrophile to form a new C-C o bond. The 
coupling process is stereospecific. It is observed to proceed with of configuration at each 
of the C=C units. 
Negishi coupling, which occurs in the presence of a suitable palladium catalyst, is the reaction between an 
organic electrophile (R'X) and an organometallic species containing , to form a new 
C-C o bond. The coupling process is stereospecific. It is observed to proceed with 
of configuration at each of the C=C units. 
The Heck reaction is a coupling reaction that occurs between an aryl, vinyl or benzyl halide (RX) and an 
in the presence of an appropriate Pd catalyst and a base. 
Alkene is a process that is characterized by the redistribution (changing of position) of 
carbon-carbon double bonds. When terminal alkenes are used, the evolution of gas drives the 
reaction toward the formation of one alkene with excellent yields. 
When the starting material is a diene and the reaction is conducted in dilute solutions (thereby favoring an 
intramolecular process over intermolecular processes), alkene metathesis can serve as a method for ring- 
formation. This process is called metathesis. Similarly, ring-opening metathesis can 
be achieved in the presence of 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 23. The answers appear in the section entitled SkillBuilder Review. 


SkillBuilder 23.1 Identifying the Partners for a Corey-Posner/Whitesides-House Coupling Reaction 


EXAMPLE 

Show how you would prepare 
1-butylcyclopentene from 
1-bromobutane and any other 
organohalide of your choice. 


1-Butyldopentene 


Bra ONS 


1-Bromobutane 


* RX 


STEP 1 Using a waw line, 
identify the bond (in the 
product) that must be made. 


e^ 


STEP2 Identify the two 
organohalides that are 
necessary. 


STEP 3 Draw the forward scheme, showing both possible synthetic 
routes (either organohalide can be converted into a Gilman reagent). 


Possibility #1 Possibility 42 
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SkillBuilder 23.2 Predicting the Product of a Stille Coupling Reaction 


Step 1 Consider a Stille coupling reaction between the Steps 2and 3 Rotate the coupling partners and draw the product, 
following two coupling partners. Circle the carbon atoms making sure to retain the configuration of any C=C units. 
that will be joined via a new c bond. 


I WN SnBus 
Bb . on 
~o 


SkillBuilder 23.3 Predicting the Product of a Suzuki Coupling Reaction 


Step 1 Consider a Suzuki coupling reaction between the | Steps 2and 3 Rotate the coupling partners and draw the product, 
following two coupling partners. Circle the carbon atoms making sure to retain the configuration of any C=C units. 
that will be joined via a new c bond. OH 


| 
“OH 


T S 


Br 


SkillBuilder 23.4 Predicting the Product of a Negishi Coupling Reaction 


Step 1 Consider a Negishi coupling Steps 2 and 3 Orient the coupling partners and draw the product, making sure to 
reaction between the following two retain the configuration of any C=C units. 

coupling partners. Circle the carbon 

atoms that will be joined via a new c bond. 


Me5AI TR 


9 


CI 


SkillBuilder 23.5 Identifying the Partners for a Heck Reaction 


Step 1 Using a wavy line, identify | Step 2 Identify the organohalide and alkene necessary. Keep in mind that Heck 
the bond (in the following desired reactions are stereoselective with respect to the starting alkene, and stereospecific 
product) that can be made via a with respect to the organohalide (if it is a vinyl halide, as in this case). 

Heck reaction. 


zu OV LA 


SkillBuilder 23.6 Identifying the Starting Material for a Ring-Closing Metathesis 


Step 1 Identify the C=C unit thatcan | Step 2 Break the C=C unit apart, and attach a methylene (CH;) group 
be made via a ring-closing metathesis. | to each of the two vinyl positions of the broken C=C unit. 


(0) 
(0) 
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Review of Reactions 

Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 23. The answers appear in the section 
entitled Review of Reactions. 


Preparation of Organolithium and Organomagnesium Compounds 


R-X — ——- R-Li + LIX 


R—X > R—Mg—X 


Preparation of Gilman Reagents 


\ 
R—X =  R—li » fui 


Coupling Reaction of a Gilman Reagent with an Organohalide 
R 


\ 
CuLi — R—R' 
/ 


R 


Simmons-Smith Reaction 


R R R R 
Stille Coupling 
R—X ——* RMgX — — —- R—SnBu 
R—SnBu3 + R'—X » R—R' 
Suzuki Coupling 
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Heck Reaction 
R 
R—X t 7 ———————— )—X 
Alkene Metathesis 
CH 
2 773. SS Oe as Rd * UM 
2 


(E * Z isomers) 


ZA S CH2 
————r+ + II 
CH; 
[9) [9) 


Common Mistake to Avoid 


When a cyclic alkene 1s used in a Heck reaction, make sure to move the position of the C-C unit when 
drawing the product: 


Pd(OAc); 


PPha 
R-X + —=. = eR 
Et4N 
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It is a common mistake to forget to move the C=C unit: 


Incorrect 
Pd(OAc); 


PPhs 
R-X + =. IR 
Et3N 
(Don't make this mistake} 


Recall that the C=C unit moves because this is the only regiochemical outcome that accommodates syn 
elimination. This is the case whenever a cyclic alkene is used as a starting material in a Heck reaction, so 
make sure to take this into account when drawing the product of a Heck reaction. 


Useful reagents 


The following is a list of reagents that appear in this chapter: 


Reagents Function 

Li (2 eq.) Used to convert an organohalide into an organolithium compound. 

RLi An organolithium reagent. A very strong nucleophile and a very strong base. 
Mg, Et20 Reagents for converting an organohalide into a Grignard reagent. 

RMgX A Grignard reagent. A very strong nucleophile and a very strong base. 

CuX (0.5 eq.) Used to convert an organolithium compound into a Gilman reagent. 


CHob, Zn-Cu, EGO | Reagents for a Simmons-Smith cyclopropanation. 


Used to convert an organolithium or organomagnesium compound into an 


Busen organostannane. 

Pd(PPh;) A catalyst used for coupling reactions, including Stille coupling, Suzuki 
T coupling, Negishi coupling, and the Heck reaction. 

Pd(OAc); A catalyst used for coupling reactions, including Stille coupling, Suzuki 


coupling, Negishi coupling, and the Heck reaction. 


Ò é : ; 
u—B Catecholborane. Used to convert an alkyne into a vinyl boronic ester. Also used 
` to convert an alkene into an alkyl boronic ester. 
H 
| 
B 9-BBN. Used to convert an alkyne into a vinyl borane. Also used to convert an 
p alkene into an alkyl borane. 
B(OMe) Trimethylborate. Used to convert an aryllithium compound into an aryl boronic 
i ester. 
ZnBr Zinc dibromide. Used to convert an organolithium or organomagnesium 
? compound into an organozinc compound. 
Zn. EtO Zinc and diethyl ether. Used to convert an organolithium or organomagnesium 
UM compound into an organozinc compound. 
to achi lk tathesis, including ring-openi tathesi ing- 
Grubbs catalyst Used to achieve alkene metathesis, including ring-opening metathesis and ring 


closing metathesis. 
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Solutions 


23.1. The first compound is an organomagnesium 
compound (C-Mg bond), while the second compound is 
an organozinc reagent (C-Zn bond). We must compare 
these two C-M bonds to determine which bond has 
greater ionic character. The difference in 
electronegativity between C (2.5) and Mg (1.2) is greater 
than the difference in electronegativity between C (2.5) 
and Zn (1.6). Therefore, the carbon atom of a C-Mg 
bond is expected to have a greater partial negative 
character, and thus be more nucleophilic than the carbon 
atom of the C-Zn bond. That is, organomagnesium 
compounds are expected be more nucleophilic than 
organozinc compounds. Indeed, they are. 


23.2. Compound A is formed when the iodide group (in 
4-iodotoluene) is replaced with a lithium atom, giving an 


organolithium compound: 
Li : 
I EM Li 
(2 eq.) 
A * Lil 


Upon treatment with H2O, compound A functions as a 
base and removes a proton from H20, giving toluene 


(compound B): 


A B 


* LiOH 


Compound C is formed via insertion of magnesium, as 
shown: 


Compound C is converted into compound B upon 
treatment with a proton source, such as H2O (compound 


D): 
I 
Mg HO 
a + HOMgI 
(D) 


[e B 
Upon treatment with D2O, compound C functions as a 


base and removes a deuteron from D20, giving a 
deuterated product (compound E), as shown: 


IMg E Bo D i 


* DOMgI 


23.3. Compound C functions as a base and removes a 
deuteron, which requires two curved arrows, as shown: 


* DOMgI 


23.4. Treating a nitrile with a Grignard reagent, 
followed by aqueous acid, gives ketone A (Section 
20.13): 


ZN 
CT 


When a ketone (compound A) is treated with PhMgBr, 
followed by aqueous acidic workup, a phenyl group is 
installed and the product is alcohol B (Section 12.6): 


o Fa 
Dr 


When compound A is treated with EtMgBr, followed by 
aqueous acidic workup, an ethyl group is installed and 
the product is alcohol C (Section 12.6): 


1) MeMgBr 
2) H30* 


A 


1) PhMgBr 
2) H30* 
A 


n HO 


1) EtMgBr 
2) HO* 
A 


The starting ester can be converted into compound B 
upon treatment with two equivalents of PhMgBr 
(compound D), followed by aqueous acidic workup, as 


described in Section 20.11: 
- QD 
HO 


1) D (2 eq.) 
Cae du NN 


The starting ketone can be converted into compound C 
upon treatment with one equivalent of MeMgBr 
(compound E), followed by aqueous acidic workup, as 
described in Section 12.6: 


_1)MeMgBr S 
2) 2) — 


"Ac 


23.5. When the racemic epoxide is treated with ethyl 
magnesium bromide, followed by aqueous acidic 
workup, an ethyl group is installed at the less substituted 
side of the epoxide, and the three-membered ring is 
opened to give a racemic alcohol (compound A): 


OH 
EET 1) EtMgBr Pm 
———————- 
2) H30* 
A 


Propanal can be converted into compound A upon 
treatment with n-propyl magnesium bromide (compound 
B), followed by aqueous acidic workup, as shown: 


1) BrMg T OH 
m 
2) H30* 
A 


Butanal can be converted into compound A upon 
treatment with ethyl magnesium bromide (compound C), 
followed by aqueous acidic workup, as shown: 


[9] 1) ML MgBr OH 


AAN A 


A 


2) H30* 


23.6. The first equivalent of the Grignard reagent attacks 
the carbonyl group, followed by loss of the leaving group 
to give a ketone (note that the leaving group is still 
tethered to the ketone). A second equivalent of the 
Grignard reagent attacks the carbonyl group of the 
ketone intermediate to produce a dianion, which is 
subsequently protonated during aqueous acidic workup 
to give a diol. Overall, the ring has been opened, and two 
methyl substituents are incorporated into the product: 


co HO 


9 1) MeMgBr (2 eq.) 
——————————À9 
2) H30* OH 
| H-CTH Ino 
H 
e| 
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23.7. 

(a) First determine which bond (in the product) will be 
made via a coupling process, considering the alkyl halide 
identified in the problem statement: 


Next, draw the two organohalides that are necessary for 
the coupling process. One of the organohalides has 
already been identified in the problem statement 
(iodobenzene). The other organohalide (of our choice) 
must be a vinyl halide, so we draw an iodide (because 
iodides are more reactive than bromides or chlorides). 
This vinyl iodide must have an E configuration, because 
that C=C unit has the E configuration in the product: 


deitas 


One of these organohalides must be converted into a 
Gilman reagent and then treated with the other 
organohalide. This leads to two possible synthetic 
routes, both of which are viable: 


Possibility #1 
e \ 1) Li (2 eq.) 
oo (0.5 eq.) 
| vl 
Possibility #2 
1) Li (2 oed. 
OIRR (0.5 C 


(b) First determine which bond (in the product) will be 
made via a coupling process, considering the alkyl halide 
identified in the problem statement: 


Xu. I 
= (7 
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Next, draw the two organohalides that are necessary for 
the coupling process. One of the organohalides has 
already been identified in the problem statement 
(cyclohexyl iodide). The other organohalide (of our 
choice) must be a vinyl halide, so we draw an iodide. 
This vinyl iodide must have an E configuration, because 
that C=C unit has the E configuration in the product: 


One of these organohalides must be converted into a 
Gilman reagent and then treated with the other 
organohalide. This leads to two possible synthetic 
routes, both of which are viable: 


Possibility #1 
I 
1) Li (2 eq.) BN 
2) CuI (0.5 eq.) 


3) 
p we SAT 
Possibility #2 


1) Li (2 eq.) 


S 
———_——_——__——_> 
2) Cul (0.5 eq.) 
ia 
(c) First determine which bond (in the product) will be 


made via a coupling process, considering the alkyl halide 
identified in the problem statement: 


D ww 


1 3 5 1 3 5 


=> Se 


Next, draw the two organohalides that are necessary for 
the coupling process. One of the organohalides has 
already been identified in the problem statement (1- 
bromopentane). The other organohalide (of our choice) 
must be an alkyl halide, so we draw an iodide: 


One of these organohalides must be converted into a 
Gilman reagent and then treated with the other 


organohalide. This leads to two possible synthetic 
routes, both of which are viable: 


Possibility £1 
Dod el 2) CuBr (0.5 eq.) 
3) 
I SP 
Possibility #2 
! E ne) eee 
2) Cul (0.5 eq.) 
3) 
NAi 


(d) First determine which bond (in the product) will be 
made via a coupling process, considering the alkyl halide 
identified in the problem statement: 


Sus I 

P 

Ww SS 
Next, draw the two organohalides that are necessary for 
the coupling process. One of the organohalides has 
already been identified in the problem statement (vinyl 
iodide). The other organohalide (of our choice) must be 
a vinyl halide, so we draw an iodide. This latter vinyl 


iodide must have a Z configuration, because that C=C 
unit has the Z configuration in the product: 


One of these organohalides must be converted into a 
Gilman reagent and then treated with the other 
organohalide. This leads to two possible synthetic 
routes, both of which are viable: 


Possibility #1 
do Ae cse 1) Li (2 eq.) 
i 2) Cul (0.5 eq.) 
3) I 


3 


Da 


Possibility #2 


I 1) Li Q eq) E 
n 2) Cul (0.5 eq.) du 

3) S 
di 


I 


23.8. 

(a) First determine which bond (in the product) will be 
made via a coupling process. The problem statement 
dictates that each organohalide must have no more than 6 
carbon atoms. Since the product has twelve carbon 
atoms, that leaves us with only one choice, indicated 
below with a wavy line: 


nw 


Next, draw the two organohalides that are necessary for 
the coupling process. In this case, we need an alkyl 
iodide and a vinyl iodide, as shown. Note that the vinyl 
iodide must have an E configuration, because that C=C 
unit has the E configuration in the product: 


p 
= aaa 


One of these organohalides must be converted into a 
Gilman reagent and then treated with the other 
organohalide. This leads to two possible synthetic 
routes, both of which are viable: 


Possibility #1 
Die 
P Deut (0560) (0.5 eq) ME ce 
; 
Possibility #2 
Dee 
A Di 


(b) First determine which bond (in the product) will be 
made via a coupling process. The problem statement 
dictates that each organohalide must have no more than 6 
carbon atoms. Since the product has twelve carbon 
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atoms, that leaves us with only one choice, indicated 
below with a wavy line: 


ey 


Next, draw the two organohalides that are necessary for 
the coupling process. In this case, we need cyclohexyl 
iodide and iodobenzene, as shown: 


OO 


One of these organohalides must be converted into a 
Gilman reagent and then treated with the other 
organohalide. This leads to two possible synthetic 
routes, both of which are viable: 


Possibility #1 
1) Li (2 eq.) 
l 2) Cul (0.5 eq.) 
3) a 
à 
Possibility #2 


1) Li (2 eq.) 
2) Cul (0.5 eq.) 


3) 
oF 
(c) First determine which bond (in the product) will be 
made via a coupling process. The problem statement 
dictates that each organohalide must have no more than 6 
carbon atoms, so we select the following bond for a 


disconnection (six carbon atoms on one side and five on 
the other): 


ne, ac 


Next, draw the two organohalides that are necessary for 
the coupling process. In this case, we need cyclopentyl 
iodide and a vinyl iodide. Note that the vinyl iodide 
must have an E configuration, because that C=C unit has 
the E configuration in the product: 
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One of these organohalides must be converted into a 
Gilman reagent and then treated with the other 
organohalide. This leads to two possible synthetic 
routes, both of which are viable: 


Possibility #1 
I TE ON) 
dia 2) Cul (05eq) (0.5 eq.) 
e 
I res 
Possibility #2 
ANligeq) , 
en Feud 
d dis 


23.9. 

(a) First determine which bond (in the product) will be 
made via a coupling process. The problem statement 
dictates that styrene (which has eight carbon atoms) must 
be the only source of carbon atoms. Therefore, we must 
create the following bond, indicated with a wavy line: 


Next, draw the two organohalides that are necessary for 
the coupling process. In this case, we need two identical 
alkyl halides, as shown: 


| 
DEN p Sees 


These alkyl halides can be made from styrene via the 
anti-Markovnikov addition of HBr (see Section 10.10): 


HBr 
——- 
ZA ROOR Br 


The entire synthesis is shown here: 


E Cer 


23.10. 

(a) Upon treatment with CHal2 and Zn-Cu, an alkene will 
undergo a Simmons-Smith reaction, thereby converting 
the C=C unit into a cyclopropane ring (with introduction 


of a methylene group): 


CH1» 
Zn-Cu 


| 


T 


In this case, the product has no chiral centers, so wedges 
and dashes are not drawn. 


(b) Upon treatment with CHoD and Zn-Cu, an alkene 
will undergo a Simmons-Smith reaction, thereby 
converting the C=C unit into a cyclopropane ring (with 
introduction of a methylene group): 


X 


In this case, the product has two chiral centers, and is a 
meso compound (it is not a chiral molecule and therefore 
it does not have an enantiomer). Introduction of the 
methylene group can occur on either face of the x bond, 
giving the same meso compound in either case: 


CH;L 
Zn-Cu 


(meso) 


(c) Upon treatment with CH2D and Zn-Cu, an alkene will 
undergo a Simmons-Smith reaction, thereby converting 
the C=C unit into a cyclopropane ring (with introduction 


of a methylene group): 
> <> 
(meso) 


In this case, the product has two chiral centers, and is a 
meso compound (it is not a chiral molecule and therefore 
it does not have an enantiomer). Introduction of the 


CH3L5 
Zn-Cu 


methylene group can occur on either face of the z bond, 
giving the same meso compound in either case: 


< = 2 


(d) Upon treatment with CHoD and Zn-Cu, an alkene 
will undergo a Simmons-Smith reaction, thereby 
converting the C=C unit into a cyclopropane ring (with 
introduction of a methylene group): 


S 
CH3l? S 
———— * En 
Zn-Cu 
In this case, the product is a chiral compound. Since the 
methylene group can be installed on either face of the x 


bond, we expect a pair of enantiomers formed as a 
racemic mixture.. 


(e) Upon treatment with CH2D and Zn-Cu, an alkene will 
undergo a Simmons-Smith reaction, thereby converting 
the C=C unit into a cyclopropane ring (with introduction 
of a methylene group). In this case, the starting alkene 
has a trans configuration, which is preserved in the 
product. Introduction of the methylene group can occur 
on either face of the x bond, giving rise to a pair of 


enantiomers. The chiral product is thus formed as a 
racemate: 
CHI 
Ph. ZZ 2-2 p * En 
Ph Zn-Cu Ph" Ph 
23.11. 


As indicated in the problem statement, the geminal 
dimethyl group of spongian-16-one can be accessed via 
hydrogenolysis of a cyclopropane ring, and cyclopropane 
2 can be prepared from compound 1 via the Simmons- 
Smith reaction, as shown in the following retrosynthetic 
analysis: 


The forward reaction sequence is shown here: 
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23.12. 

(a) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the bromide 
group (in the aryl bromide) will be joined with the 
carbon atom connected directly to tin (Sn) in the 
organostannane, highlighted here: 


Br 
CP. Q 
SnBu 
ON o 2 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


(b) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the iodide group 
(in the vinyl iodide) will be joined with the carbon atom 
connected directly to tin (Sn) in the organostannane, 
highlighted here: 


I 
NS " BuSn ^ 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


Pe iq — Pa 


In this case, there are two C=C units (one in the organic 
electrophile and the other in the organostannane). So, 
when drawing the product, we must be careful that each 
of these C=C units maintains its E configuration. 
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(c) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the bromide 
group (in the aryl bromide) will be joined with the 
carbon atom connected directly to tin (Sn) in the 
organostannane, highlighted here: 


Br 
+ N SnBug 
MeO S 
O 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


(d) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the iodide group 
(in the aryl iodide) will be joined with the carbon atom 
connected directly to tin (Sn) in the organostannane, 
highlighted here: 


(0) 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


O d 
Od 


(e) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the bromide 
group (in the vinyl bromide) will be joined with the 
carbon atom connected directly to tin (Sn) in the 
organostannane, highlighted here: 


xw Br 
eee + oa. 
N 
\ 
R 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


In this case, the organic electrophile has a C=C unit with 
the E configuration. So, when drawing the product, we 
must be careful that that this C=C unit maintains its E 
configuration. 


(f) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the triflate group 
(in the vinyl triflate) will be joined with the carbon atom 
connected directly to tin (Sn) in the organostannane, 
highlighted here: 

OTf 


d SAA snBu 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


A 
mI 


23.13. First identify the carbon atoms that will be 
joined. The carbon atom connected directly to the 
triflate group will be joined with the carbon atom 
connected directly to the trimethylstannane group, 


highlighted below. The compound is then redrawn so 
that the coupling partners are aligned: 


MesS 
OTF od 
SnMe3 
| ^co;Me = | /coMe 


A new o bond is then formed between the highlighted 
carbon atoms, giving the following diene: 


"COJMe 


2 
7, 
7 


| /cO,Me 


% 
7 


23.14. The problem statement indicates an 
intramolecular process, which means that both coupling 
partners are tethered within the same molecule. The 
carbon atom connected directly to the iodide group will 
be joined with the carbon atom connected directly to tin 
(Sn) in the organostannane, highlighted here: 


up Pa 
x. SnBu 
[oq | 
RO I 


Next we align the coupling partners and draw the 
product of the intramolecular Stille coupling process: 


OR O 


(0) 


RO SOA (0) 


OR O 


RO Y o 


Then, in the final step of the synthesis, the coupling 
product is treated with HCl to remove the protecting 
groups, converting both OR groups into OH groups, 
giving (S)-zearalenone, as shown: 


OR O 
i9) 
RO zd i9) 
[re 
OH O 
i9) 
HO a oO 


C1gH2205 
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23.15. First identify the carbon atoms that will be 
joined. The carbon atom connected directly to the 
triflate group will be joined with the carbon atom 
connected directly to the trimethylstannane group, 
highlighted below: 


Then, redraw the coupling partners so that they are 
aligned to form a bond (neither of the coupling partners 
needs to be rotated in this case), and draw the product 3: 


n, 


LU 


23.16. 

(a) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the triflate group 
will be joined with the carbon atom connected directly to 
boron in the organoboron compound, highlighted here: 


OTf 
i9) 
— + \ 


LB ^ 
Oo A OMe 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


1084 
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In this case, the organic electrophile has a C=C unit with 
the E configuration, and the organoboron compound has 
a C-C unit with the E configuration. So, when drawing 
the product, we must be careful that that each of these 
C-C units maintains its configuration. 
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(b) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the bromide will 
be joined with the carbon atom connected directly to 
boron in the organoboron compound, highlighted here: 


: pur 
Cyn Ss 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


OPS 


JN 


In this case, the organic electrophile has a C=C unit with 
the E configuration, and the organoboron compound has 
a C=C unit with the E configuration. So, when drawing 
the product, we must be careful that that each of these 
C=C units maintains its configuration. 


(c) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the iodide will be 
joined with the carbon atom connected directly to boron 
in the organoboron compound, highlighted here: 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


P d | 


S 


(d) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the iodide will be 
joined with the carbon atom connected directly to boron 
in the organoboron compound, highlighted here: 


I 
+ 
MeO 
Ó 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


OMe 
meo ee sd 


In this case, the organoboron compound has a C=C unit 
with the E configuration. So, when drawing the product, 
we must be careful that this C=C unit maintains its 
configuration. 


23.17. 

(a) Upon treatment with catecholborane, the alkyne is 
converted into a vinyl boronic ester with the E 
configuration (A): 


N b 
A 


In the presence of base and catalytic Pd(PPhs)s, this vinyl 
boronic ester can then couple with the vinyl bromide via 
a Suzuki coupling reaction. 


To draw the product of the Suzuki coupling reaction, 
first identify the carbon atoms that will be joined. The 
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carbon atom connected directly to the bromide will be 
joined with the carbon atom connected directly to boron 
in the organoboron compound, highlighted here: 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product (B): 


In this case, the organic electrophile has a C=C unit with 
the Z configuration, and the organoboron compound has 
a C=C unit with the E configuration. So, when drawing 
the product, we must be careful that that each of these 
C-C units maintains its configuration. 


23.18. In the first step of the reaction sequence, 9-BBN adds across a x bond (hydroboration). Of the three x bonds 
indicated below, the one that is monosubstituted is the least sterically hindered and thus most susceptible to reaction 
with this bulky cyclic alkylborane. 

tetrasubstituted 


monosubstituted 


trisubstituted 


An additional hint suggesting reaction at the monosubstituted x: bond comes from the wording of the problem statement 
(that this sequence makes an 8-membered ring). The first reaction installs a borane group, so the second reaction is 
likely an intramolecular Suzuki coupling between the carbon atom bonded to the boron after step 1 (C8 below) and the 
carbon atom bonded to iodine (C1 below). Bond formation between these two carbon atoms would indeed make a new 
8-membered ring, as indicated by the numbered atoms below. 


During step one of the process, 9-BBN adds across the monosubstituted x bond in an anti-Markovnikov addition, 
giving compound 2. 
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Compound 2 then undergoes an intramolecular Suzuki coupling reaction upon treatment with a palladium catalyst 
under basic conditions, giving compound 3. The highlighted carbon atoms are joined as result of this process: 


Ò 


23.19. 
(a) We begin by identifying the bonds in compound 1 
that will be made, highlighted here: 


Compound A contains both an aryl bromide group and 
an aryl boronic acid group. So, disconnection of 
compound 1 at the top biaryl bond will reveal a para- 
methoxy boronic acid coupling partner, while 
disconnection at the bottom biaryl bond will reveal a 
para-nitro aryl iodide partner, shown below: 


Pd(PPh3)}4 
— 
NaOH 


m oV 


Now let's consider the forward reaction sequence. 
Compound 1 is prepared from compound A via two 
successive Suzuki cross-coupling reactions: 


I NO 

P Br \ / : SN y Br 

PH »- 

Pd catalyst 

C >< 

OH 

A B 
Pd catalyst 


Base OMe 
HOW, KY 
C 2-09 Ur 
Oe 

1 


Compound B (shown above) is formed via the Suzuki 
cross coupling between compound A and the para-nitro 
aryl iodide. 


(b) Compound A contains both an aryl bromide group 
and an aryl boronic acid group, yet it does not react with 
itself under these conditions. Rather, it prefers to cross 
couple with the para-nitro aryl iodide. This is likely due 
to the fact that aryl iodides participate much faster in 
Suzuki cross coupling reactions than aryl bromides. 


23.20. 

(a) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the bromide will 
be joined with the carbon atom connected directly to Zn 
in the organozinc, highlighted here: 


re) Br 
< + — BrZn^ ^w 
O 


Then, realign the coupling partners so that they are 
aligned to form a bond, and draw the product: 


? pm 
Ay ee d ~ 


In this case, the organozinc has a C=C unit with the E 
configuration. So, when drawing the product, we must 
be careful that this C=C unit maintains its configuration. 


(b) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the bromide will 
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be joined with the carbon atom connected directly to zinc 
in the organozinc, highlighted here: 


Br 
OSi(tBu), 


2 BrZn "S 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


OSi(fBu) 


WN 
xt 


OSi(fBu)s 


In this case, the organozinc has a C=C unit with the E 
configuration. So, when drawing the product, we must 
be careful that this C=C unit maintains its configuration. 


(c) First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the iodide will be 
joined with the carbon atom connected directly to zinc in 
the organozinc, highlighted here: 


l pa 
+ S 
il ( ge T j 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


[P bee 
axe 


P 


(d) First identify the carbon atoms that will be joined. 
The organic electrophile is a dibromide; and the more 
reactive vinyl bromide serves as the coupling partner. 
The sp?-hybridized carbon atom connected directly to the 
bromide will be joined with the carbon atom connected 
directly to zinc in the organozinc, highlighted here: 


(6) BrZn 


1088 


Br OAS 
Br. SEN 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


ues p 
| 
Br 


DVA 
SO 
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In this case, the organic electrophile has a C=C unit with 
the E configuration, and the organozinc has a C=C unit 
with the Z configuration. So, when drawing the product, 
we must be careful that each of these C=C units 
maintains its configuration. Note that each of the other 
two C=C units in the organozinc reagent also maintains 
its configuration giving the E,Z,Z,E product. 


23.21. First identify the carbon atoms that will be joined 
in the first step. The organic electrophile is both a vinyl 
iodide and a vinyl bromide. The more reactive vinyl 
iodide serves as the coupling partner. The carbon atom 
connected directly to the iodide will be joined with the 
carbon atom connected directly to zinc in the organozinc, 
highlighted here: 


BrZn——_ ==— Si(Bu. + 2-2 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product (A): 


(BujSi — ==>-8 + rE n 


| 


Br 
sig 7” 
A 


In this case, the organic electrophile has a C=C unit with 
the E configuration. So, when drawing the product, we 
must be careful that this C=C unit maintains its 
configuration. 

Next identify the carbon atoms that will be joined in the 
second step. The carbon atom connected directly to the 
bromide in A will be joined with the carbon atom 
connected directly to zinc in the organozinc, highlighted 


here: 
Br 
+ m o 
jie et 
A 


Then, redraw the coupling partners so that they are 
aligned to form a bond, and draw the product (B): 


EEG + Pm 
| 


Oe ee 
B 


In this case, the organic electrophile has a C=C unit with 
the E configuration. So, when drawing the product, we 
must be careful that this C=C unit maintains its 
configuration. 


23.22. First identify the carbon atoms that will be 
joined. The carbon atom connected directly to the iodide 
(of the vinyl iodide) will be joined with the carbon atom 
connected directly to Zr in the organozirconium, 
highlighted here: 


Note that ZnClo is used in this reaction, so the active 
organometallic species is likely the  organozinc 
compound resulting from a transmetallation from Zr to 


Ensio 


oO, 


Next, realign the coupling partners so that they are 
aligned to form a bond, and draw the product: 


i9) ZA y 
" 


| 


N3 


In this case, the organic electrophile has a C=C unit with 
the E configuration, and the organozinc has a C=C unit 
with the E configuration. So, when drawing the product, 
we must be careful that each of these C-C units 
maintains its configuration. 


2323. 

(a) First identify the new C-C bond in compound 3 that 
was formed via Negishi coupling. Analysis of the 
structures of 1 and 3 leads to the identification of the 
newly formed bond in 3 as indicated here with a wavy 
line: 


4 
ae 
[0] 


Pd(PPh3)4 
s 


Next, identify the structure of organic electrophile 2 (a 
vinyl bromide) by disconnecting the C-C bond that is 
formed in the Negishi coupling: 


Note that at the C=C unit of 2 the arene and ester 
(CO2Me) are trans to each other. This trans relationship 
is preserved in 3. 


(b) The question states that savinin and gadain are 
isomers of each other, differing only in the configuration 
of the C=C unit. Changing the configuration of the E 
alkene in savinin thus provides the structure of gadain, a 
Z alkene: 
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savinin 


gadain 


Changing the configuration of 2 gives the vinyl bromide 
that would be utilized to produce the intermediate that 
would be subsequently converted to gadain, as shown: 


o 
Br CO.Me 
à ZnCl 
O 1 
YO 
o 
CO;Me 


Ss 


gadain 


23.24. 

(a) Analyze the structure of the product and determine 
which bond(s) can be made via a Heck reaction. Recall 
that a Heck reaction forms a bond between a vinyl 
position and either an aryl, vinyl or benzyl position. In 
the desired compound, there is only one bond that fits 
this criterion: 


NH; 
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This bond, indicated with a wavy line, is between an aryl 
group and a vinyl group. To make this bond via a Heck 
reaction, we must start with an organohalide and an 
alkene. Since one of the coupling partners must be an 
alkene, the other partner (in this case) must be an aryl 
halide, as shown: 

(0) 


NNS 
NH» 


\ 


Notice that the alkene is monosubstituted, with an 
electron-withdrawing substituent, so we expect the 
reaction to be very effective. 


(b) Analyze the structure of the product and determine 
which bond(s) can be made via a Heck reaction. Recall 
that a Heck reaction forms a bond between a vinyl 
position and either an aryl, vinyl or benzyl position. In 
the desired compound, there are two bonds that fit this 
criterion: 


2 OAC) OCH; 


Each of these bonds, indicated with a wavy line, is 
between an aryl group and a vinyl group. To make either 
of these bonds via a Heck reaction, we must start with an 
organohalide and an alkene. This gives two possible 
synthetic routes, both of which are viable: 


Possibility #1 


Possibility #2 


MR 
ae ae OCH; 


\ 7 


| 


The second possibility has the added advantage that the 
starting monosubstituted alkene has an electron- 
withdrawing substituent (so we expect the reaction to be 
very effective). 


(c) Analyze the structure of the product and determine 
which bond(s) can be made via a Heck reaction. Recall 
that a Heck reaction forms a bond between a vinyl 
position and either an aryl, vinyl or benzyl position. In 
the desired compound, there is only one bond that fits 


this criterion: 
cu ie 
oO 


This bond, indicated with a wavy line, is between an aryl 
group and a vinyl group. To make this bond via a Heck 
reaction, we must start with an organohalide and an 
alkene. Since one of the coupling partners must be an 
alkene, the other partner (in this case) must be an aryl 
halide, as shown: 


A Ed 


(0) 


Y 
OY 


(d) Analyze the structure of the product and determine 
which bond(s) can be made via a Heck reaction. Recall 
that a Heck reaction forms a bond between a vinyl 
position and either an aryl, vinyl or benzyl position. In 
the desired compound, there is only one bond that fits 
this criterion: 

OQ— 


/ 


O O 
/ 


This bond, indicated with a wavy line, is between an aryl 
group and a vinyl group. To make this bond via a Heck 
reaction, we must start with an organohalide and an 
alkene. Since one of the coupling partners must be an 
alkene, the other partner (in this case) must be an aryl 
halide, as shown: 

o— 


Notice that the alkene is monosubstituted, with an 
electron-withdrawing substituent, so we expect the 
reaction to be very effective. 


(e) Analyze the structure of the product and determine 
which bond(s) can be made via a Heck reaction. Recall 
that a Heck reaction forms a bond between a vinyl 
position and either an aryl, vinyl or benzyl position. In 
the desired compound, there is only one bond that fits 
this criterion: 


Z S 
i9) 


This bond, indicated with a wavy line, is between two 
vinyl groups. Since this bond must be made via a Heck 
reaction, we must consider the following two 
possibilities, each of which starts with an alkene and a 
vinyl iodide: 


Possibility 


VEM 


Possibility 


e Uns 


The first possibility is not viable because Heck reactions 
are stereoselective with respect to the starting alkene, 
and the E isomer (rather than the Z isomer) would be 
expected: 


This is not the desired stereochemical outcome, so we 
turn our attention to the second possibility. This 
possibility works, and it has the added advantage that the 
starting alkene is monosubstituted, with an electron- 
withdrawing substituent (so we expect the reaction to be 
very effective). 


CU 


| PdL, Base 


(Z) 
Zu 
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(f) Analyze the structure of the product and determine 
which bond(s) can be made via a Heck reaction. Recall 
that a Heck reaction forms a bond between a vinyl 
position and either an aryl, vinyl or benzyl position. In 
the desired compound, there is only one bond that fits 
this criterion: 


Z^ ew 


This bond, indicated with a wavy line, is between a 
benzyl group and a vinyl group. To make this bond via a 
Heck reaction, we must start with an organohalide and an 
alkene. Since one of the coupling partners must be an 
alkene, the other partner (in this case) must be a benzyl 
halide, as shown: 


Z 
CN 


Notice that the alkene is monosubstituted, with an 
electron-withdrawing substituent, so we expect the 
reaction to be very effective. 


23.25. In a Heck reaction, an alkene is coupled with an 
organohalide. In this case, the two coupling partners are 
tethered together in the same compound: 


i9) i9) 


alkene 
vinyl iodide EU 


I 


Upon treatment with a base and a suitable palladium 
catalyst, an intramolecular Heck reaction can occur. 
Notice that the Z configuration of the vinyl iodide is 
preserved. The new C-C bond is formed regioselectively 
and stereoselectively, with the E configuration being 
formed: 


[9] 
" [9] [9] o 
how = Nl Je 
I (2) 
[9] 
[9] 
SN 
(2) (E) Q 


23.26. Begin by identifying the carbon atoms that will 
be joined. The carbon atom connected to the iodide will 
be joined directly to the proximal carbon of the alkene (a 
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bond will be formed between the two highlighted 
positions): 


Next, consider the intermediate that forms when the 
palladium catalyst interacts with compound 1. 


a ane 


PdL,I 


In this case, due to the configuration about the C-N bond 
(the N is on a wedge, coming out of the plane of the 
page), we expect oxidative addition to occur above 
(rather than below) the plane of the boat-shaped 
cyclohexene ring. When syn-addition occurs across the 
alkene, the new C-C bond forms the 6-membered ring 
with stereochemistry as shown. 


"e dt 


PdL pl 


i) H 7 syn-addition 
N "NE 


(0) 


Finally, in order to regenerate the catalyst, reductive 
elimination must take place. The new C-Pd adduct 
cannot undergo a conformational change via C-C bond 
rotation. Therefore, the syn-reductive elimination will 
have to occur at one of two sites within the molecule 
with accessible syn hydrogen atoms beta to the Pd 
(highlighted). Due to ring strain, the alkene that forms is 
exocyclic to the existing boat-shaped cyclohexane ring. 


OR 


H p i 
S) 


OR 


23.27. 

(a) The starting material is a monosubstituted alkene, 
which is an excellent starting material for alkene 
metathesis. To draw the metathesis product, we begin by 
drawing two molecules of the starting alkene, and we 
remove a methylene group from the C-C unit of each 
molecule (these methylene groups ultimately combine to 
give ethylene gas). We then draw a double bond 
between the remaining vinyl positions, as shown. Don't 
forget that a mixture of E and Z isomers is expected. 


(b) The starting material is a 2,2-disubstituted alkene, 
which is an excellent starting material for alkene 
metathesis. To draw the metathesis product, we begin by 
drawing two molecules of the starting alkene, and we 
remove a methylene group from the C=C unit of each 
molecule (these methylene groups ultimately combine to 
give ethylene gas). We then draw a double bond 
between the remaining vinyl positions, as shown. Don't 
forget that a mixture of E and Z isomers is expected. 


CH 


H5C 


Grubbs 
cat. 


(E * Z isomers) 


(c) The starting material is a 2,2-disubstituted alkene, 
which is an excellent starting material for alkene 
metathesis. To draw the metathesis product, we begin by 
drawing two molecules of the starting alkene, and we 
remove a methylene group from the C-C unit of each 
molecule (these methylene groups ultimately combine to 
give ethylene gas). We then draw a double bond 
between the remaining vinyl positions, as shown. 


(d) The starting material is a monosubstituted alkene, 
which is an excellent starting material for alkene 
metathesis. To draw the metathesis product, we begin by 
drawing two molecules of the starting alkene, and we 
remove a methylene group from the C-C unit of each 
molecule (these methylene groups ultimately combine to 
give ethylene gas). We then draw a double bond 
between the remaining vinyl positions, as shown. Don't 
forget that a mixture of E and Z isomers is expected. 


P NS Grubbs 
"cu, cat 
ind 
CH 
+ 


(e) The starting material is a monosubstituted alkene, 
which is an excellent starting material for alkene 
metathesis. To draw the metathesis product, we begin by 
drawing two molecules of the starting alkene, and we 
remove a methylene group from the C=C unit of each 
molecule (these methylene groups ultimately combine to 
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give ethylene gas). We then draw a double bond 
between the remaining vinyl positions, as shown. Don’t 
forget that a mixture of E and Z isomers is expected. 


On ries Grubbs 
Za BN CH» cat. BLS er 
(E + Z isomers) 


ad 


* H 


(f) The starting material is a 2,2-disubstituted alkene, 
which is an excellent starting material for alkene 
metathesis. To draw the metathesis product, we begin by 
drawing two molecules of the starting alkene, and we 
remove a methylene group from the C=C unit of each 
molecule (these methylene groups ultimately combine to 
give ethylene gas). We then draw a double bond 
between the remaining vinyl positions, as shown. 


Oe 


23.28. The starting alkene is trans-2-pentene, which is 
comprised of two different alkylidene fragments, 


highlighted here: 


H Et 


During metathesis, these alkylidene fragments are 
separated from each other, and then recombined in all 
possible permutations. In this case, there are three 
possible alkenes produced, each of which is expected as 
a mixture of E and Z isomers (for a total of six different 
products). 


Me H 
H Me 
(E * Z isomers) 


Et H Me H 
H Et H Et 
(E * Z isomers) (E * Z isomers) 


(Notice that the E isomer of the third product is the same 
as the starting alkene) 


23.29. To draw the starting materials necessary to make 
the desired compound via alkene metathesis, we must 
separate the alkylidene fragments found in the product, 
and then attach a methylene group to each fragment: 
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OK? 
( y * wo 


These two alkenes are identical. Therefore, the desired 
product can be made by treating this starting alkene with 
a Grubbs catalyst: 


Grubbs cat. 
oO — 0 [o 


23.30. 

(a) First, identify any C-C unit that is incorporated into 
a ring. In this case, the highlighted x bond is 
incorporated into a seven-membered ring: 


N 


N 


H 


In order to draw the starting diene, we erase the 
highlighted C=C bond of the ring, and then connect a 
methylene (CH2) group to each of the two vinyl 
positions, as shown: 


N T. OON 


(b) First, identify any C=C unit that is incorporated into 
a ring. In this case, the highlighted x bond is 
incorporated into a six-membered ring: 


Ó 


Ó 


In order to draw the starting diene, we erase the 
highlighted C=C bond of the ring, and then connect a 
methylene (CH2) group to each of the two vinyl 
positions, as shown: 


i9] O 


(c) First, identify any C=C unit that is incorporated into 
a ring. In this case, the highlighted x bond is 
incorporated into a five-membered ring: 


(0) (0) 


In order to draw the starting diene, we erase the 
highlighted C=C bond of the ring, and then connect a 
methylene (CH2) group to each of the two vinyl 
positions, as shown: 


(0) [9] (0) [9] 
UR z 
(d) First, identify any C=C unit that is incorporated into 


a ring. In this case, the highlighted x bond is 
incorporated into a six-membered ring: 


In order to draw the starting diene, we erase the 
highlighted C=C bond of the ring, and then connect a 
methylene (CH2) group to each of the two vinyl 
positions, as shown: 


23.31. 

(a) The starting material is a diene, which can undergo a 
ring-closing metathesis upon treatment with a Grubbs 
catalyst. To draw the metathesis product, we remove a 
methylene group from each C-C unit (these methylene 
groups ultimately combine to give ethylene gas). We 
then draw a double bond between the remaining vinyl 
positions, as shown: 


Grubbs 


e cat. 
——- 
j i 
HG CH3 


(b) The starting material is a diene, which can undergo a 
ring-closing metathesis upon treatment with a Grubbs 
catalyst. To draw the metathesis product, we remove a 
methylene group from each C=C unit (these methylene 
groups ultimately combine to give ethylene gas). We 
then draw a double bond between the remaining vinyl 
positions, as shown: 


(c) The starting material is a diene, which can undergo a 
ring-closing metathesis upon treatment with a Grubbs 
catalyst. To draw the metathesis product, we remove a 
methylene group from each C=C unit (these methylene 
groups ultimately combine to give ethylene gas). We 
then draw a double bond between the remaining vinyl 
positions, as shown: 


H5C CH2 


Grubbs 
cat. CH2 


(d) The starting material is a diene, which can undergo a 
ring-closing metathesis upon treatment with a Grubbs 
catalyst. To draw the metathesis product, we remove a 
methylene group from each C=C unit (these methylene 
groups ultimately combine to give ethylene gas). We 
then draw a double bond between the remaining vinyl 
positions, as shown: 


O 
CH5 
gl 


SN ANN AXX 
O Bie 
Grubbs 
cat. 
CH 
tO 
No 2 


23.32. 

(a) As described in the problem statement, olefin 
metathesis of this triene results in cleavage of the cyclic 
C=C unit and formation of two new C=C units, giving a 
product with two new five-membered rings: 
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new new 
C=C C=C 
bond #1 bond #2 


(b) As described in the problem statement, olefin 
metathesis of this triene results in cleavage of the cyclic 
C=C unit and formation of two new C=C units, giving a 
product with a five-membered ring and a six-membered 


ring: 
=A o Š MS 
new 
new C=C 
C=C bond #2 


bond #1 


Grubbs catalyst 


(0) O 
Oy 
23.33. First identify the carbon atoms that will be joined. 
The carbon atom connected directly to the bromide (in 
the aryl bromide) will be joined with the carbon atom 


connected directly to tin (Sn) in the organostannane, 
highlighted here: 


Br 
AY Cm 
O2N 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


pa 


23.34. The starting material is a diene, which can 


undergo a ring-closing metathesis upon treatment with a 
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Grubbs catalyst. To draw the metathesis product, we 
remove a methylene group from each C=C unit (these 
methylene groups ultimately combine to give ethylene 
gas). We then draw a double bond between the 
remaining vinyl positions, giving compound A: 


Grubbs 


"T oes = (a 
ES + d 


Hoo CH» CH» 


Compound A is an alkene, and it will undergo a Heck 
reaction upon treatment with an aryl halide in the 
presence of a suitable catalyst, to give compound B: 


i9] 


One 
i 2 


B 


i9) 
Pd(PPh3)4 


Notice the position of the x bond in compound B. This 
is the only regiochemical outcome that can accommodate 
syn elimination. 

The C-C unit in compound B can undergo a ring- 
opening metathesis upon treatment with a Grubbs 
catalyst. To draw the metathesis product (compound C), 
we break the C=C unit and introduce a methylene group 
at each vinylic position: 


iS) [e 
Ze 
Grubbs cat. 
i]. ime. Qu 
H H 
\ / 
CHC 
7 N 
B c 


23.35. Upon treatment with two equivalents of lithium, 
the bromide group (in the starting material) is replaced 
with a lithium atom, giving an organolithium compound. 
This organolithium compound is then converted into the 
corresponding arylboronic ester (compound A) upon 
treatment with trimethylborate, B(OMe);s: 


1) Li (2 eq.) 
2) B(OMe) 


Compound A is an arylboronic ester, and it will undergo 
a Suzuki coupling reaction upon treatment with an 
organohalide in the presence of Pd(PPh3)4. In order to 
draw the coupling product (compound B) more easily, 


the organohalide has been rotated in the following 
drawing. Notice that the organohalide has a C=C unit 
with the Z configuration. So, when drawing B, we must 


be careful that this C=C unit maintains its configuration. 
OMe 
B 
“OMe 
4 
A M SN 
B 


Compound B has two monosubstituted C=C units that 
can undergo a ring-closing metathesis upon treatment 
with a Grubbs catalyst. To draw the metathesis product, 
we remove a methylene group from each C=C unit (these 
methylene groups ultimately combine to give ethylene 
gas). We then draw a double bond between the 
remaining vinyl positions, giving compound C: 


Oo Grubbs 
Nu: 
H;C & 


* Nin 

m 
23.36. Exaltolide is a diene, which can undergo a ring- 
closing metathesis upon treatment with a Grubbs 
catalyst. To draw the metathesis product, we remove a 
methylene group from each C-C unit (these methylene 
groups ultimately combine to give ethylene gas). We 
then draw a double bond between the remaining vinyl 
positions. This metathesis product has a C-C unit that 
undergoes hydrogenation to give exaltolide, as shown 
here: 


Pd(PPhj, | 


(0) 
“Vow 
o Bier 


Z CH» 


CH» 
Grubbs cat. [0] 


(0) 
o Z 
Ho, Pt 


Exaltolide 
(C45H2802) 


23.37. 

(a) The starting materials are an aryl diiodide and two 
equivalents of an alkene. These compounds will serve as 
coupling partners in two successive Heck reactions, as 
shown below. The coupling partners have been rotated 
in order to draw the coupling product more easily. 
Notice that the aromatic ring is coupled to each of the 
C=C units regioselectively (at the less substituted 
position) and stereoselectively (to give an E alkene), as 


shown. 
; / S ( ) Ü- WX : 
Pd(OAc)s 


PPh 
Et3N 


(b) The starting materials are an aryl iodide and an 
alkene. These compounds will serve as coupling 
partners in a Heck reaction, as shown below. The 
coupling partners have been rotated in order to draw the 
coupling product more easily. Notice that the aromatic 
ring is coupled to the C=C unit regioselectively (at the 
less substituted position) and stereoselectively (to give 
an E alkene), as shown. 
if 


O 
Pd(OAc)s 


PPh 
Et;N 


Os 


aif 


(c) The starting materials are an aryl triflate and an 
alkene. These compounds will serve as coupling 
partners in a Heck reaction, as shown. The coupling 
partners have been rotated in order to draw the coupling 
product more easily. Notice the position of the x bond in 
the product (this is the only regiochemical outcome that 
can accommodate syn elimination). 
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+ w-( 


| Pd(OAc)s 


(d) The starting materials are an aryl iodide and an aryl 
alkene. These compounds will serve as coupling 
partners in a Heck reaction, as shown below. The 
coupling partners have been rotated in order to draw the 
coupling product more easily. Notice that the aryl iodide 
is coupled to the C=C unit regioselectively (at the less 
substituted position) and stereoselectively (to give an E 
alkene), as shown. 


23.38. 

(a) The C-C unit undergoes a ring-opening metathesis 
upon treatment with a Grubbs catalyst. To draw the 
metathesis product, we break the C=C unit and introduce 
a methylene group at each vinylic position, as shown: 


© Grubbs cat. X 
————— 
H H 
\ / 
CHC A 
7 
H H 


(b) The C=C unit undergoes a ring-opening metathesis 
upon treatment with a Grubbs catalyst. To draw the 
metathesis product, we break the C=C unit and introduce 
a methylene group at each vinylic position, as shown: 


£y ord 
\ Grubbs cat. A - O 
us 


Z 
CHC, | 
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(c) The C=C unit undergoes a ring-opening metathesis 
upon treatment with a Grubbs catalyst. To draw the 
metathesis product, we break the C=C unit and introduce 
a methylene group at each vinylic position, as shown: 


H H 
Cn Grubbs cat. Nc 
oP 
j^ T zi 4 
H CRO H 
H H 


(d) The C=C unit undergoes a ring-opening metathesis 
upon treatment with a Grubbs catalyst. To draw the 
metathesis product, we break the C=C unit and introduce 
a methylene group at each vinylic position, as shown: 


H Grubbs Oo E 
T cat. Y 
oO ————— 
EE] H H PA 

\ / 

C=C 

\ 

H H 


(e) The C=C unit undergoes a ring-opening metathesis 
upon treatment with a Grubbs catalyst. To draw the 
metathesis product, we break the C=C unit and introduce 
a methylene group at each vinylic position, as shown: 


Grubbs cat. 
[0] > 
O H 


H 
\ 
CRC. 
/ 
H 


N 
H 


(f) The C=C unit undergoes a ring-opening metathesis 
upon treatment with a Grubbs catalyst. To draw the 
metathesis product, we break the C=C unit and introduce 
a methylene group at each vinylic position, as shown: 


O 
C X 
Oo w O 
\ Grubbs cat. \ o 
H H 
N / 
CHC 


23.39. 

(a) The starting material has two C=C units that can 
undergo a ring-closing metathesis upon treatment with a 
Grubbs catalyst. To draw the metathesis product, we 
remove a methylene group from each C=C unit (these 
methylene groups ultimately combine to give ethylene 


gas). We then draw a double bond between the 
remaining vinyl positions, giving the following product: 


(b) The starting material has two C=C units that can 
undergo a ring-closing metathesis upon treatment with a 
Grubbs catalyst. To draw the metathesis product, we 
first redraw the starting material so that the C=C units 
are in close proximity. Then, we remove a methylene 
group from each C=C unit (these methylene groups 
ultimately combine to give ethylene gas). We then draw 
a double bond between the remaining vinyl positions, 
giving the following product: 


HO, 


: 
Il 


Grubbs 
HO,, ^ cat. 


H * 


(c) The starting material has two C=C units that can 
undergo a ring-closing metathesis upon treatment with a 
Grubbs catalyst. To draw the metathesis product, we 
remove a methylene group from each C-C unit (these 
methylene groups ultimately combine to give ethylene 
gas) We then draw a double bond between the 
remaining vinyl positions, giving the following product: 


CH2 
J Z CH 
Grubbs P 
cat. 
— > 
OMe OMe 
O H O H CH2 
+ H 
CH2 


(d) The starting material has two C=C units that can 
undergo a ring-closing metathesis upon treatment with a 
Grubbs catalyst. To draw the metathesis product, we 
remove a methylene group from each C=C unit (these 


methylene groups ultimately combine to give ethylene 
gas). We then draw a double bond between the 
remaining vinyl positions, giving the following product: 


Oo Ò 
ae, 9 
o 8 Y 
Grubbs 
cat. 
oO 
oO 
ZA 
CH» 
H * 
CH3 


23.40. 

(a) Lithium diphenyl cuprate is a Gilman reagent, and it 
will react with the following vinyl iodide to give a 
coupling product, as shown here: 


I — 


(b) Upon treatment with catecholborane, the alkyne is 
converted into a vinyl boronic ester with the E 
configuration. This compound then serves as a coupling 
partner in a Suzuki coupling reaction with 
bromobenzene. The carbon atom connected directly to 
the bromine atom will be joined with the carbon atom 
connected directly to boron in the organoboron 
compound. Notice that the E configuration is preserved 
during the process: 


SI 
/ 

H—B 

N 

O 


(catecholborane) 


Pd(PPh3)4, e 
NaOH 


(c) The starting materials are a vinyl iodide and a vinyl 
boronic ester, indicating a Suzuki coupling reaction. The 
carbon atom connected directly to the iodide group will 
be joined with the carbon atom connected directly to 
boron in the organoboron compound, giving the product 
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shown. The coupling partners have been rotated in order 
to draw the coupling product more easily. Notice that 
the E configuration is preserved during the process: 


Pd(PPh3)4 
NaOH 


\ 


Ph 


(d) The starting materials are an aryl triflate and an 
alkene, indicating a Heck reaction. The coupling 
partners have been rotated in order to draw the coupling 
product more easily. Notice that the aryl triflate is 
coupled to the C=C unit regioselectively (at the less 
substituted position) and stereoselectively (to give an E 


alkene), as shown: 
(0) 
[ 2—o" + N oO 
z? H 


Pd(OAc) 
PPh 
EtaN 


(0) 
Oo 


23.41. 
(a) In a Simmons-Smith reaction, the C=C unit is 
converted into a three-membered ring. This newly 
formed ring can be cis or trans to the t-butyl group, as 
shown: 


M 
», 7, 


(b) Compounds A and B have the same constitution 
(connectivity of atoms), but they differ from each other 
in their configuration, so they are stereoisomers. More 
specifically, compounds A and B are stereoisomers that 
are not mirror images, so they are diastereomers. 
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(c) If we take steric considerations into account, we 
would expect that cyclopropanation will occur more 
readily on the face that is less sterically hindered (the 
face that is trans to the t-butyl group). Therefore, 
compound B is expected to predominate. 


23.42. When compound A undergoes an intramolecular 
Heck reaction, the position of a n bond changes, because 
this is the only regiochemical outcome that can 


accommodate syn elimination: 
I Heck 
OL) reaction Ze 
qr» 
A This x bond 


moved 
In contrast, when compound B undergoes an 
intramolecular Heck reaction, the xt bonds remain in the 


same location: 
I Heck 
Se reaction Ss 
——— 
B 
(a) The problem statement indicates that lithium 


23.43. 

diphenylcuprate must be used. This dictates which bond 
must be made, as well as the identity of the coupling 
partner (the organohalide), as shown in the following 
retrosynthetic scheme: 


Ph 
\ 

Pho SS => Culi + x^^w 
pH 


The forward synthesis is shown below, using a vinyl 
iodide as the organohalide. Alternatively, a vinyl triflate 
or vinyl bromide can be used. 


Ph;CuLi S 
I qd — 


(b) The problem statement indicates that lithium 
diphenylcuprate must be used. This dictates which bond 
must be made, as well as the identity of the coupling 
partner (the organohalide), as shown in the following 
retrosynthetic scheme: 


Ph 


| OCH; 
Ph 7 
puli + 
Ph OCH; 


The forward synthesis is shown below, using a benzyl 
bromide as the organohalide. Alternatively, a benzyl 
iodide or benzyl triflate can be used. 


XE PhsCuLi 
—__ 
OCH; OCH, 


(c) The problem statement indicates that lithium 
diphenylcuprate must be used. This dictates which bond 
must be made, as well as the identity of the coupling 
partner (the organohalide), as shown in the following 
retrosynthetic scheme: 


Ph 
\ 
Ph ———s' Culi + x 
pH 


The forward synthesis is shown below, using an allyl 
bromide as the organohalide. Alternatively, an allyl 


iodide or allyl triflate can be used. 
s e 


(d) The problem statement indicates that lithium 
diphenylcuprate must be used. This dictates which bond 
must be made, as well as the identity of the coupling 
partner (the organohalide), as shown in the following 
retrosynthetic scheme: 


Ph 
\ 
Ph —> Puli + X 
Ph 
io) 


The forward synthesis is shown below, using a vinyl 
iodide as the organohalide. Alternatively, a vinyl triflate 
or vinyl bromide can be used. 


XQ PhyCuLi 
I — 
O O 


Ph;CuLi 


(0) 


23.44. 

(a) The following retrosynthetic analysis shows how the 
desired compound can be made from 1-butyne via a 
Suzuki coupling reaction: 


The forward scheme is shown here: 


quip 
/ 

H—B 

N 

O 


(catecholborane) 


AM 
| CE. 
GORA 570 

| 

[9] 
T 
ON A 

Pd(PPh3)4 

NaOEt 


(b) The following retrosynthetic analysis shows how the 
desired compound can be made from 1-butyne via a 
Suzuki coupling reaction: 


The forward scheme is shown here: 
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A 
/ 

H—B 

N 

O 


(catecholborane) 


A 


ASP go 
\ 
oO 


"ntu 


Pd(PPha)4 
NaOEt 


i 


(c) The following retrosynthetic analysis shows how the 
desired compound can be made from 1-butyne via a 
Suzuki coupling reaction: 


T 


NIANA ~O 
I 
Y 


The forward scheme is shown here: 


/ 
H—B 
N 
O 


(catecholborane) 


AM 
ST 
Pa p^? 
| 
[9] 
Br 
E NE 
7X Pd(PPha)4 
NaOEt 


23.45. 

(a) As seen in the following retrosynthetic analysis, the 
desired product can be made from 4-nitrostyrene via a 
Heck reaction: 
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DA o 


The forward synthesis is shown here, using 
bromobenzene as the organohalide. Alternatively, a 
triflate or iodide can be used. Notice that coupling 
occurs in a stereoselective fashion, giving the E isomer. 


Pd(OAc),, 
PPh; 
EtN 


ont X \ /= 


(b) As seen in the following retrosynthetic analysis, the 
desired product can be made from 4-nitrostyrene via a 
Heck reaction: 


ene 
ON l 
eae S 

* I 
ON 


The forward synthesis is shown below, using a vinyl 
iodide as the organohalide. Alternatively, a triflate or 
bromide can be used. Notice that the configuration of 
the C=C unit of the vinyl iodide is preserved in the 
process. The other C=C unit adopts the E configuration, 
as expected. 


BEN 
JT + I Su 
O-N 


Pd(OAc)s, 
PPh 


Eta N 


or 
ON 


(c) As seen in the following retrosynthetic analysis, the 
desired product can be made from 4-nitrostyrene via a 


Heck reaction: 
E Sus i 
di | 


DD 
+ 
I 


The forward synthesis is shown below, using a vinyl 
iodide as the organohalide. Alternatively, a triflate or 
bromide can be used. Notice that coupling occurs in a 
stereoselective fashion, giving the E isomer. 


O2N 


23.46. The product exhibits both a five-membered ring 
and a three-membered ring. The latter suggests a 
Simmons-Smith reaction. That is, the desired product 
can be made from an alkene. This alkene can be made 
from the starting material via ring-closing metathesis, as 
shown in the following retrosynthetic analysis: 


H 


< > => <] SFO 


ü 


The forward synthesis is shown here: 


H 
pP Pe 1) Grubbs cat. o q 
TRE SET ET EET a 
e 7X °2) CHol, Zn-Cu, Y 
EO a 
Grubbs 
= Hil, 
Zn-Cu 
Ò , 
C7 EbO 


23.47. We must first determine which bond (in the 
product) will be made via a coupling process. The 
product has ten carbon atoms, and the starting material 
has five carbon atoms, which means that we must form 
the bond between C5 and C6 via a coupling reaction. 
This requires that we use organohalides, as shown in the 
following retrosynthetic analysis: 


ZO e x” UU d 
" Y 
in s SEQUENS UK 


The organohalides can be made directly from the starting 
material via addition of HBr in the presence of 
peroxides. The forward synthesis is shown here: 


SL. PE ee NN Br 
ROOR 
1) Li (2 eq.) 
2) Cul (0.5 eq.) 
3) 
Bp RUE ae 
ANN NN 


23.48. 

(a) The problem statement indicates that we must start 
with benzene. This determines the bond (in the product) 
that must be made: 


-0 


This bond can be made via a Heck reaction, as shown 
below. This strategy requires that we first convert 
benzene into bromobenzene, which can be achieved via 
electrophilic aromatic substitution (See Section 18.2): 


z 
Z 


SX UC 
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ZN 
Ww C^ 
1) Bro, AlBra 
2) Pd(OAC);, 
PPh, EtsN 
ZN 
Se" 


Pd(OAc)>, PPhs 
Bro EtsN 
N 


L, 
C^ 


SS 


(b) The problem statement indicates that we must start 
with benzene. This determines the bond (in the product) 
that must be made: 


OO © 


We learned many coupling reactions in this chapter, so 
there are many ways to make this bond. The following 
retrosynthetic analysis employs a Suzuki coupling 


reaction: 
pMe 
OMe 


The organohalide coupling partner (4-bromoanisole) can 
also be made from benzene, although the problem 
statement indicates that we can use benzene and any 
other reagents of our choice. So, we can choose to use 
4-bromoanisole and benzene as our starting materials, 
and we have satisfied the requirement of the problem. 
The forward synthesis is shown here: 
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Dee AB 
3)B he 

Br?  4)4-bromoanisole, 

Jis Pd(PPh3), Pd(PPh3)4 
MADE! NaOEt 


4 Su 


OCH3 
Li (2 eq.) $ 


B(OMe)s MR 
— r B 

OMe 
For those who are interested, 4-bromoanisole can be 
made using reactions that we have learned in previous 
chapters: chlorination of benzene to give chlorobenzene, 
followed by the Dow process to give phenol (see Section 
18.14), followed by a Williamson ether synthesis to give 


methoxybenzene, followed by bromination at the para 
position (see Section 18.7). 


(c) The product exhibits a three-membered ring, which 
suggests a Simmons-Smith reaction. That is, the desired 
product can be made from the following alkene: 


^7 
=> 
This alkene can be made from benzene through a variety 
of methods. The following synthesis is based on a Heck 


reaction, although other alternatives (such as Suzuki or 
Stille coupling) are perfectly viable: 


1) Bra, AIBr3 
2) Pd(OAc)s, = 
PPh, Et3N 
» 


3) CHals, Zn-Cu, 


EtO CHob, 
Bro Zn-Cu, 
AIBrs EtO 
Pd(OAc)s, SS 
PPhs, Et4N 


- 


(d) The product exhibits a three-membered ring, which 
suggests a Simmons-Smith reaction. That is, the desired 
product can be made from the following £ alkene: 


OEt 


This alkene can be made from benzene through a variety 
of methods. The following synthesis is based on a Heck 
reaction, although other alternatives are perfectly viable: 


1) Bra, AlBr 
2) Pd(OAC)s, 
PPh, EtN 


3) CH;L, Zn-Cu, 


FtO CHap, 
ee pos 
o 
Pd(OAc),, Sort 
PPhs, EtN 


O 
a 


23.49. The starting material is an organohalide that also 
exhibits a C=C unit. Upon treatment with a base and a 
suitable palladium catalyst, an intramolecular Heck 
reaction can occur, in which a bond is formed between 
the C=C unit and the carbon atom bearing the iodide. 
The coupling partners are highlighted here: 


I 


During the course of the reaction, the position of the 7 
bond changes, because this is the only regiochemical 
outcome that can accommodate syn elimination: 


a Pd(OAc); 
— y 
PPh; 
I EtN 


The observed diastereoselectivity can be rationalized by 
considering the existing chiral center (in the starting 
material). As a result of the configuration of this chiral 
center, the organohalide partner must approach the C=C 
unit from one particular face of the C=C bond (behind 
the plane of the five-membered ring). This can best be 


visualized through the construction of a molecular 
model. As a result, the newly formed chiral center has 
the S configuration (the R configuration is not formed). 


23.50. 

(a) The desired product can be made from cyclopentene 

via a Heck reaction, as shown below. Notice the position 

of the x bond in the product (this is the only 

regiochemical outcome that can accommodate syn 
_Pd(OAc)a, 


elimination). 
A 
"PPh, EN Et3N 


(b) The product exhibits a three-membered ring, which 
suggests a Simmons-Smith reaction. That is, the desired 
product can be made from the alkene shown here: 


O60 = OO 


This alkene can be made from cyclopentene via a Heck 
reaction, as shown in the following synthesis: 


eee 


PPhs, Et3N 
CHol>, 


— 
m 
Zn-Cu, 


Et,O 


(c) The product is acyclic (no ring), but the starting 
material is cyclic, so our synthesis must involve breaking 
a C-C bond. We could perform an ozonolysis (of 
cyclopentene) to open the ring, but that would give us a 
compound with only five carbon atoms. We need a 
compound with seven carbon atoms, which suggests that 
we should open the ring with a ring-opening metathesis, 
thereby converting a five-membered cyclic compound 
into a seven-membered acyclic compound: 


J 


This compound can then be converted into the desired 
product via hydroboration/oxidation of each C=C unit. 


Grubbs cat. "A 


————— 
H5C —CH5 
NS 
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ee T S ur SA 


1) BH3-THF (xs) 
2) HO», NaOH (xs) 


Hoc SN oH 


23.51. Compound A has two C=C units that can 
undergo a ring-closing metathesis upon treatment with a 
Grubbs catalyst. To draw the metathesis product, we 
remove a methylene group from each C-C unit (these 
methylene groups ultimately combine to give ethylene 
gas) We then draw a double bond between the 
remaining vinyl positions, giving compound 1: 


O 
Grubbs 
BONN cat. |. 
O cr 
A 1 
(CeHaO2) 


Compound 1 has a C-C unit with the Z configuration. 
The E configuration cannot be formed in this case, 
because a seven-membered ring cannot accommodate a 
trans alkene (see Bredt’s rule, Section 7.6). 

In contrast, compound B undergoes a ring-closing 
metathesis to give a nine-membered ring. A nine- 
membered ring is large enough to accommodate a trans 
alkene, so two products are possible (cis or trans): 


pop didi 


O B 
Grubbs 
o cat. 
O 
O 

o O 

I 
2 3 

(CgH1202) (CeH1202) 


23.52. 

(a) Using the procedure described in the problem 
statement, the desired product can be assembled from 
bromobenzene, carbon monoxide, and an organotin 
coupling partner, as shown: 
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Ó 
Z 


| \ 
A" " BANA 
or c 


The forward synthesis is shown here: 


Br ZA 
co 


rr 
BugSn SF 
Pd(PPh3)4 


(b) Using the procedure described in the problem 
statement, the desired product can be assembled from 
bromobenzene, carbon monoxide, and an organotin 
coupling partner, as shown: 


$new 


Br BusSn 
ner 
G OCH; 
The forward synthesis is shown here: 


Ó 


Ó 


Br 
CO 
Pd(PPh3)4 
OCH; 


Busa Xoc 


(c) Using the procedure described in the problem 
statement, the desired product can be assembled from 
bromobenzene, carbon monoxide, and an organotin 
coupling partner, as shown: 


" 


om 


The forward synthesis is shown here: 


C 


BusSn NU ad 


CO, Pd(PPh3)4 


BusSn NU s 


(0) 


(d) Using the procedure described in the problem 
statement, the desired product can be assembled from 
bromobenzene, carbon monoxide, and an organotin 
coupling partner, as shown: 


The forward synthesis is shown here: 


TO 
co 
B 
l Pd(PPha)a 
> 
OCH; 


BusSn 
OCH3 
23.53. 


(a) The starting material (1-pentene) is comprised of two 
alkylidene fragments: 


Xx 
co fcu 


One of these fragments has four carbon atoms, and the 
other fragment has only one carbon atom (a methylene 
group). When l-pentene is treated with a Grubbs 
catalyst, the methylene fragments are recombined to give 
ethylene gas (which evolves as a gas and is removed 
from the reaction vessel) while the other alkylidene 
fragments (with four carbon atoms) are recombined to 
give 4-octene. Two stereoisomers are possible (cis and 
trans), and both are obtained (A and B): 


H H 


A 


Compound A is a cis-disubstituted alkene, so it 
undergoes a Simmons-Smith reaction to give a cis- 
disubstituted cyclopropane ring (a meso compound): 


H H 


Hiis 


CHAPTER 23 1107 


In contrast, compound B is a ¢rans-disubstituted alkene, 
so it undergoes a Simmons-Smith reaction to give a 
trans-disubstituted cyclopropane ring. Two 


stereoisomers (enantiomers) are possible (compounds 2 
and 3), and both are obtained: 
H 


(b) Compounds 2 and 3 are nonsuperimposable mirror 
images of each other, so they are enantiomers. 


23.54. In the first step of the synthesis, Zn metal inserts into the C-I bond to produce organozinc A: 
fe) OÓ 
I nX Zn IZn N 4 
/ —— 
(0) (0) 
A 


Next, identify the carbon atoms that will be joined in the Negishi coupling. The carbon atom connected directly to the 
triflate group (which is more reactive than the aryl chloride position) will be joined with the carbon atom connected 


directly to Zn in the organozinc, highlighted here: 


o 
m A £. MO el 
oC 
A 
O 


Then, rotate the coupling partners so that they are aligned to form a bond, and draw the product, B: 


(0) 


cl P4 ( ma — Ql p” 


(0) 


1108 CHAPTER 23 


23.55. In the first step of the synthesis, excess ¢-BuLi converts each of the four aryl bromide groups to aryllithium 
groups: 


Br 


excess t-Bul i 
Li 


Br 


In step 2, ZnCl converts each aryllithium group to an arylzinc, thus producing the following tetraarylzinc compound: 


ZnCl 


ZnCl 
Next, identify the carbon atoms that will be joined in the Negishi coupling. The carbon atom connected directly to the 
iodide group will be joined with the carbon atom connected directly to Zn in the organozinc, highlighted below. In this 


case, four equivalents of p-iodotoluene will couple to the tetraiodozinc calixarene. 


ZnCl 


(excess) 


ZnCl 


Then, rotate the coupling partners so that they are aligned to form a bond, and draw the product: 
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23.56. 

(a) First, identify the carbon atoms that will be joined in 
the Negishi coupling. The vinyl carbon atom connected "i + Ex o 
directly to the O in alkenyl phosphate 1 will be joined wy 
with the carbon atom connected directly to Zn in 

organozinc 4, highlighted below. 


9 e ZnBr o 
0—P—oPn p Ery > 
4 OPh 8 ie) 


(b) First, identify the carbon atoms that will be joined in 
the Negishi coupling. The vinyl carbon atom connected 
directly to the O in alkenyl phosphate 1 will be joined 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 
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with the carbon atom connected directly to Zn in 
organozinc 5, highlighted below. 


o 
o—P—oPh p. NCG eee 
1 OPh 5 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


Kee UON 


| 


CN 


(c) First, identify the carbon atoms that will be joined in 
the Negishi coupling. The vinyl carbon atom connected 
directly to the O in alkenyl phosphate 2 will be joined 
with the carbon atom connected directly to Zn in 
organozinc 4, highlighted below. 


OMe 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


OMe 


fee : 
OMe "o 


- 
cane 


(d) First, identify the carbon atoms that will be joined in 
the Negishi coupling. Each of the two vinyl carbon 
atoms connected directly to an O in alkenyl phosphate 3 
will be joined with the carbon atom connected directly to 
Zn in each equivalent of organozinc 5, highlighted 
below. 


NC. wo" ZnBr 
5 
(two equivalents) 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


NC 


CN 


23.57. In each reaction sequence, a common synthetic 
intermediate is produced as a result of the first two steps: 
lithium-halogen exchange, followed by conversion of the 
resulting aryllithium to the arylzinc using ZnCl. 


// \ 1) Li (2 eq.) / \ 
er Br 3)Znh ^" - ZnCl 


(a) Identify the C-C bond in the product that was 
produced in the Negishi coupling (indicated below). 
Disconnect the bond to determine the arylzinc and aryl 
triflate required for the reaction. 


/ Nido 


(b) Identify the C-C bond in the product that was 
produced in the Negishi coupling (indicated below). 


Disconnect the bond to determine the arylzinc and aryl 


triflate required for the reaction. 


/ N 7 


—N N 


(c) Identify the C-C bond in the product that was 
produced in the Negishi coupling (indicated below). 
Disconnect the bond to determine the arylzinc and aryl 
triflate required for the reaction. 


/ ® 


—N N 


23.58. First identify the carbon atoms that will be joined. 
This reaction is an intramolecular Negishi coupling, in 
which both coupling partners are in the same molecule. 
The carbon atom connected directly to the iodide group 
will be joined with the carbon atom connected directly to 
Zn in the organozinc, highlighted here: 


OMe 


OMe 


Next, realign the coupling partners so that they are 
aligned to form a bond, and draw the product, in which a 
new macrocycle (large ring) has formed: 
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Mv 


Mv 


OMe 


MeO;C 


[0] 
(©) 
TUM. 
(©) N D 
H 
x 
N 
H 
| OMe 
OMe 
(©) 
[0] 
ME. 
(©) PE 
H 
N 
H 
OMe 


23.59. The correct answer is (c). In a Heck cross- 
coupling reaction, an alkene is coupled with an 
organohalide. The following highlighted carbon atoms 
will be connected to each other as a result of the 
coupling process: 


(Pr F 
H 
(0) 


The coupling process affords a disubstituted alkene, and 
we expect the trans isomer: 


e 
H 
M 
W 


23.60. The correct answer is (d). All of the options 
involve a vinyl bromide and a vinyl boronic ester or acid, 
but we must choose the coupling partners that give the 
desired stereochemical outcome. In the product, both 
C=C units have the £ configuration: 
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Since the configuration of all C=C units are preserved 
during Suzuki coupling, we must choose reactants that 
have the E configuration, so option (d) is the correct 
answer: 


23.61. The correct answer is (d). Elimination, 
followed by Simmons-Smith cyclopropanation, gives the 
desired product: 


Br 
ee NaOEt Q Chalz, Zn-Cu C> 
— d ————————— S 


In option (a), the first step converts the alkyl bromide 
into a Grignard reagent, which is then expected to react 
with formaldehyde in the second step: 


(6) 


ge S 


The product of this reaction sequence is NOT the desired 
product, so we can rule out option (a). 

In option (b), the starting halide is treated with a 
Grignard reagent (a strong nucleophile and a strong 
base). Since the alkyl bromide is secondary, we would 
expect elimination (E2) to be favored over substitution, 
giving an alkene. This alkene is not expected to react 
with NaOH, so option (b) does not give the desired 
product: 


Br 
Cy CH3MgBr Q NaOH 
————- — —— no reaction 


In option (c), the first step converts the secondary alkyl 
bromide into an alkene (because elimination is favored 
over substitution for secondary alkyl halides), and the 
alkene is then converted into an epoxide upon treatment 
with a peroxyacid: 


Br 
CY NaOEt Q RCO;H e 
——— — Ò 


This product is similar in structure to the desired product. 
But we are not trying to make an epoxide. Rather, we 


must form a cyclopropane ring, so option (c) is not 
correct. 


23.62. The correct answer is (b). Lithium diphenyl 
cuprate is a Gilman reagent, and it will react with the an 
alkyl iodide to give the desired coupling product, as 
shown here: 


CL PhoCuLi E 
———- 
I Ph 


23.63. The correct answer is (a). The electrophile 
(PhBr) has reacted with a palladium complex to give a 
new complex in which both Ph and Br are each bonded 
directly to palladium. During this addition process, the 
oxidation state of the palladium atom increases, from 
Pd(0) to Pd(ID, and the process is therefore called an 
oxidative addition. 


23.64. The correct answer is (c). The starting material 
has two C=C units that can undergo a ring-closing 
metathesis upon treatment with a Grubbs catalyst. To 
draw the metathesis product, we first redraw the starting 
material so that the C=C units are in close proximity. 
Then, we remove a methylene group from each C-C unit 
(these methylene groups ultimately combine to give 
ethylene gas). We then draw a double bond between the 
remaining vinyl positions, giving the following product: 
Grubbs 


catalyst — CH2 
+ Il 
CH2 


23.65. In the first step of the synthesis, ZnCl2 converts 
the aryllithium to arylzinc A: 


CoH —- 7 Zl CoH19 


S 
A 


Next, identify the carbon atoms that will be joined in the 
Negishi coupling. The carbon atom connected directly to 
the bromide group will be joined with the carbon atom 
connected directly to Zn in the organozinc, highlighted 


here: 
r ETE 
clZn CoH49 


S 


Br 


Bu3Sn 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


Pau 
eu g^  CoHw 
ucl | 


A 


g^ Oen 
BugSn B 


Next, identify the carbon atoms that will be joined in the 
Stille coupling. The carbon atom connected directly to 
the bromide group will be joined with the aryl carbon 
atom connected directly to Sn in the organostannane, 


highlighted here: 
i 
TN j "2 


S 
s CoH49 
Bu3Sn B 


Then, rotate the coupling partners so that they are 
aligned to form a bond, and draw the product: 


CoH 
C11H23 8 S ES 


" y 


23.66. First identify the carbon atoms that will be 
joined. The carbon atom connected directly to the iodide 
group will be joined with the carbon atom connected 
directly to the tributylstannyl group, highlighted below: 
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The product of the Stille reaction subsequently 
undergoes an electrocyclic reaction (Section 16.9) 
involving the flow of 6 electrons in a cycle, as shown 
below: 


The transition state of the electrocyclic rearrangement is 
shown below. Three x bonds (two C=C plus one C=O) 
are breaking, while two x bonds (C=C) and one o bond 
(C—O) are forming, resulting in the net conversion of one 
C=O n bond to one C—O o bond. 


23.67. The reactant undergoes an intramolecular Stille coupling with a palladium catalyst to produce the macrocycle 
shown. In this reaction, the sp?-hybridized carbon atom connected to the tin atom (in the reactant) forms a new bond to 
the sp?-hybridized carbon atom connected to the triflate leaving group (in the reactant), thereby producing a new 13- 


membered ring. 
SnBus 


Pd catalyst 
————- 
a 
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Note that the diene indicated below is primarily in the more stable s-trans conformation in the reactant. In the product 
of the Stille coupling, this diene likely adopts an s-cis conformation to accommodate the geometric constraints 
necessary for incorporation into the newly formed macrocycle. 


TIO 


| Pd catalyst 
Pe 
Z 


The question indicates that this macrocycle undergoes a rearrangement to form a final product with six rings. The 
macrocycle product of the intramolecular Stille coupling has four rings, as indicated (numbered 1-4) The 
rearrangement must therefore result in the formation of two new ring-forming bonds to allow for the incorporation of 
the two additional rings. 


rearrangement product 
with 6 rings 


The macrocycle has an s-cis diene group across the macrocycle from an alkyne group. An intramolecular Diels-Alder 
reaction between these two entities forms two new o bonds (C1-C5 and C6-C11 as indicated below) to produce the 
hexacyclic product shown. 


23.68. While there are certainly many acceptable solutions to this problem, we can reduce the complexity of this 
problem by employing two organometallic reactions we learned in this chapter. For example, compound 1 contains 
both a trans C=C bond and a cyclopropane ring. We know that cyclopropane rings can be prepared using the Simmons- 
Smith reaction, and trans C=C bonds can be accessed via cross metathesis using the Grubbs catalyst. One synthesis 
derives from the following retrosynthetic analysis. An explanation of each of the steps (a-d) follows. 


CHAPTER 23 
RO RO 
a 4 
se, t 
COM ING 
Meo 2Me cd CO2Me 
3 
1 RO 
ie pe 
5 


HO HO 
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Compound 1 can be synthesized from the union of two terminal alkenes (3 & 4) using a Grubbs catalyst. 


Aldehyde 5 can be accessed from the corresponding alcohol (6), using PCC (or DMP or a Swern oxidation). 


a. 
b. Alkene 4 can be made from aldehyde 5 employing the Wittig reaction. 
c 
d 


The cyclopropane ring can be installed via the Simmons-Smith reaction on substrate 2. 


RO Sus CHals RO 
—> 
Zn(Cu) “CHsCh Z 
HO HO 
2 


o 
5 
Ph3P= 2 


RO 
me 


COjMe Grubbs cat. 


MeO 


23.69. 
(a) In the presence of a Grubbs catalyst and ethylene, a cycloalkene (compound A) is expected undergo a ring-opening 
metathesis. To draw the product of this process (compound B), we erase the C=C bond of the ring, and then connect a 
methylene (CH2) group to each of the two vinyl positions, like this: 


Grubbs II 
—————- 
CH5CH5 
80 *C 


Now let's draw the forward scheme. Alcohol 2 is treated with diiodomethane in the presence of a Zn-Cu couple to 
produce cyclopropane 6 (as a racemic mixture). The alcohol in 6 is converted to aldehyde 5 using PCC and is 
subsequently treated with a phosphorus ylide to produce alkene 4. Finally, union of alkene 4 with compound 3 using a 
Grubbs catalyst will produce the desired product (as a mixture of diastereomers that can be separated). 
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(b) The problem statement indicates that the conversion of B into C is a thermally induced rearrangement. This 
suggests a pericyclic reaction (Chapter 16). Notice that compound B has two x bonds that are separated from each 
other by exactly three o bonds. As such, in the presence of heat, this compound can undergo a [3,3] sigmatropic 
rearrangement (also called a Cope rearrangement) to form the 8-membered ring observed in compound C. 


(c) There is ring strain associated with the cyclobutene ring of compound A, and this ring strain is alleviated when the 
ring is opened to give compound B. As a result, compound B is expected to be lower in energy than compound A, thus 
causing the equilibrium to favor B over A. 


(d) There is ring strain associated with the cyclobutane ring of compound B, and this ring strain is alleviated when the 
ring is opened to give the eight-membered ring in compound C. As a result, compound C is expected to be lower in 
energy than compound B, thus causing the equilibrium to favor C over B. 


(e) We have seen that compound C can be made from compound B via a [3,3] sigmatropic rearrangement (Cope 
rearrangement). Compound B can be prepared from compound A via a number of synthetic routes. The following is 
one possible solution. Compound B can be made from compound D via Wittig reactions, and compound D can be 
generated from A via ozonolysis of the C=C bond in A: 


The forward reaction sequence is shown here: 


1) O3 

2) DMS 

3) PhaPzCH; (2 eq.) 
4) heat 
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23.70. Rapamycin has a large ring (it is a macrolide) which is assembled via two successive (tandem) Stille coupling 
reactions. The first reaction is intermolecular, and the second is intramolecular. The reactive centers are highlighted: 


intermolecular 
Stille coupling 


intramolecular 
Stille coupling 
— 


When stitched together, the large ring contains a triene group (highlighted). Notice that each of the three C=C units 
retains the configuration that it had in the starting materials. The rest of the structure (all of the functional groups and 
chiral centers) remains unaffected by these reaction conditions, so the structure of rapamycin is as follows: 


My, 


23.71. 

(a) In step 1, methyllithium attacks the carbonyl carbon 
producing a racemic allylic alkoxide (note: the wavy line 
indicates both possible configurations at that chiral 
center). 


s) 
A : 


© 9 
Li “:CH3 


In step 2, the zinc carbenoid (formed by the reaction of 
the zinc-copper couple with diiodomethane) reacts in a 
Simmons-Smith cyclopropanation with the alkene to 
install the cyclopropane ring. 


OMe 


"OH 


(-)-Rapamycin 


Finally, in step 3, the alkoxide ion is protonated (upon 
treatment with water), giving the product: 


" d Wx Ho 
— > 


(b) In the product, the OH group and the fused 
cyclopropane ring are both on the same face of the 
cyclopentane ring (both “up” in the stereoisomer shown 


1118 CHAPTER 23 


in the problem statement). This stereochemical outcome 
can be rationalized if we recognize that the anionic 
oxygen atom can form a Lewis acid / Lewis base 
complex with the zinc atom of the metal carbenoid 
species IZnCH2I, thus directing the resulting 
cyclopropane formation to the same face of the 
cyclopentene ring as the oxygen atom. This is shown for It is perhaps not surprising that this synthetic 
each enantiomer here: intermediate is very unstable in the presence of trace 
acid. Protonation of the alcohol generates an excellent 
leaving group (H20), and loss of the leaving group 
produces a very stable allylic carbocation (the resonance 
hybrid has the positive charge delocalized over two 

tertiary centers) which is then susceptible to nucleophilic 
P + ZnIo 


attack (Sn1) or elimination (E1). 


(fio 


A © 
(trace) H H20% 


x 
+ ZnL 
: — : -—- © PEE 
(c) If the starting material is treated with methyllithium 
followed by water, an allylic alcohol would be produced: 


23.72. The starting material (compound 3) is an organostannane, which indicates a Stille coupling reaction. To 
determine the structure of the starting organohalide, we analyze the structure of the product (compound 2) and 
determine the part of the structure that corresponds with organostannane 3 (highlighted). The rest of compound 2 (not 
highlighted) must come from the organohalide, as shown: 


O 
Organohalide 


The identity of the side chain (highlighted with a question mark) must be chosen to enable the subsequent formation of 
the desired 9-membered ring (in compound 2): 


CHAPTER 23 1119 


O [e «3 Must 
^ ZA ~ close ring 


Stille 
coupling 


This can be achieved via a ring-closing metathesis, as shown in the following retrosynthetic analysis: 


"A 


i9] 
> 
Pd(PPh3)q 
2) Grubbs catalyst 
Stille 
Conditions Grubbs 


cat. 
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23.73. The product of the intramolecular Simmons- 
Smith reaction is shown below. The carbenoid carbon of 
the intermediate (labeled as C1 below) forms two new 
C-C bonds: one to each of the sp^-hybridized carbon 
atoms of the C=C unit (C6 and C7), thus producing the 
fused bicyclic structure shown (3). 


The observation that compound 1 successfully undergoes 
intramolecular — Simmons-Smith reaction (while 
compound 2 does not) suggests that the oxygen atoms in 
1 (which are absent in 2) play a role. The zinc atom in 
the carbenoid intermediate is electron poor and can thus 
serve as a Lewis acid. The lone pairs of electrons on the 


oxygen atoms allow them to serve as Lewis bases. An 
intramolecular Lewis acid / Lewis base complex between 
one or both oxygen atoms and the zinc atom may align 
the reactive groups and facilitate the Simmons-Smith 
reaction. The transition state below is consistent with this 
explanation. 


a 1 | / 
3 oq 
[8] Oo x / ES 
4 7 Neem 3 2 ACH ve) 
5 3 


ZnEt 
"prr 


2 4 6 


23.74. The desired product (dibenzo[a,c]cyclohepten-5-one) contains 15 carbon atoms, so in order to propose a 
synthesis from starting materials with 8 or fewer carbons, we will need to make several new C-C bonds in our 
synthesis. Recognition of the a; -unsaturated ketone in the central ring suggests the possibility of utilizing an aldol 


condensation as part of our approach. 
C p a,B-unsaturated ketone 


The following retrosynthesis outlines one approach to make the desired compound in two steps. The a,ß-unsaturated 
ketone can be prepared via an intramolecular aldol condensation between the methyl ketone group and the aldehyde 
group on the biphenyl intermediate below. The bond between the two aromatic rings can be constructed using a Suzuki 
coupling reaction between the aryl bromide and the aryl boronic acid shown. 


+ 
ee 
(0) B(OH} 


The forward synthesis is below. o-Bromoacetophenone and o-formylphenyl boronic acid are mixed together under 
basic conditions and treated with a palladium catalyst to give a Suzuki coupling reaction. The biphenyl keto-aldehyde 
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intermediate is then heated under basic conditions to afford the desired aldol condensation product (via an 
intramolecular aldol condensation). 


O 
m o O 
Br Pd catalyst NaOH, H5O 
a 


———- 
+ 


NaOH heat 
B(OH), CS NM ( 3 
S 


23.75. 

(a) Reaction of 1 with 4-iodoanisole in the presence of a palladium catalyst affords the Stille coupling product shown. 
Subsequent addition of 4-tert-butyliodobenzene and CsF to the reaction mixture produces the final product as the result 
of a palladium-catalyzed Suzuki coupling between the vinyl boronic ester and the aryl iodide. Note that each of these 
coupling reactions proceeds with retention of configuration: the trans/trans configuration of 1 is retained in the 
product. 


D 
MeO 


(b) An analysis of 2 reveals that it contains the trans/trans diene present in 1, highlighted below. 


CO.Me 
i9) Wu ^u Su As 


OMe 2 
One retrosynthetic analysis of 2 is presented below. 


a. Disconnection of the indicated bond in 2 suggests that it can be produced from the vinyl iodide and the vinyl 
boronic ester shown. Note that the configuration of the C=C unit in each coupling partner is retained in the 
reaction. 

b. This tetraene intermediate can be produced via Stille coupling between 1 and the vinyl iodide shown. Again, 
the configuration of each coupling partner is retained in the product. 
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(0) SX UI 


" 
Ó WS LC ^u ^u —À OMe 
= CO4Me 
OM 2 
e 9-5 SOAR SS EN 
I 
on 
|: 


OS Se SnB 
l 


O | .1 
EU S 


CO2Me 


The forward scheme is presented below. Diene organostannane 1 reacts with the vinyl iodide in a palladium-catalyzed 
Stille reaction to afford the tetraene intermediate. Subsequent addition of the base CsF and a different vinyl iodide 
produces compound 2 via Suzuki coupling. 


CO.Me 
io Spa Se CO;Me 
d e b c mg SSS a 
Ó Pd catalyst Ò 
1 
Ò XN CI 
OMe 
CsF 
CO;Me 
e) ETON SN 


23.76. As described in the problem statement, olefin metathesis of this triene results in cleavage of the cyclic C=C unit 
and formation of two new C=C units, giving a product with two new seven-membered rings as part of a fused tricyclic 
system: 


23.77. We first begin by taking inventory of the four building blocks shown. We are given a vinyl boronic acid, an aryl 
bromide, and two compounds which each contain both an aryl bromide and a MIDA boronate. The latter two 
compounds are designed to be used in iterative Suzuki coupling reactions. Next, consider the structure of ratanhine. 
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The following illustration shows how each of the starting materials corresponds with a portion of the natural product, 
and the squiggly lines represent the bonds that are formed via Suzuki coupling. 


OH 


} 
Uu 
/ 
o 
I 
(9 
o 
I 


= 
i 
xO 
E: 
| 
ze 
i 
P96 


O 
sta de E A TEA ! O ' 
' i : Br 


Oo: HO 


xO 
O Zz 
[s] 
o 


The forward reaction sequence is shown below. After the first Suzuki reaction, treatment with NaOH will reveal the 
boronic acid needed for the second Suzuki coupling. Likewise, after the second cross coupling, treatment with NaOH 
will reveal the final boronic acid. After the last Suzuki reaction, treatment with HCI cleaves the R protecting group, 
giving ratanhine. 


© OH 
MeN 1) g 
OG oO pa 
Yo NON JSA 
Br O ó Pd catalyst SN OH 
2) NaOH 1) 
MeO 
1) Br OH 
Br OBLO 
| dct 
ratanhine MeN Lo 
[e| Pd catalyst 
(0) 
2) NaOH 
MeO 
R-O o 
Á OH 
Pd catalyst BEN 
B—OH 

2) HCl / 


HO 
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23.78. We begin by identifying the carbon atoms in compound 1 that will be joined via an intramolecular Heck 
reaction, highlighted here: 


Me 


OMe 


OBn 


OAc 


In order to draw the compound that is obtained when a new C-C bond is formed between these two locations, we must 
first redraw compound 1 so that these two centers are near each other. To do this, we first rotate the aryl group and 
redraw it in close proximity to the double bond. Due to the inherent stereochemistry already present in the molecule, 
the aryl group will be positioned above the plane of the alkene. 


OBn 


Me 


OMe 


When the Pd catalyst inserts into the aryl iodide bond and then adds across the alkene in a syn-fashion, the new C-C 
bond is formed from the top face of the molecule, resulting in a cis junction for the newly formed 6-membered ring. 
The new C-Pd adduct (compound B below) cannot undergo a conformational change via C-C bond rotation. 
Therefore, the syn-reductive elimination can only occur at one possible site within the molecule with an accessible syn 
hydrogen atom beta to the Pd, resulting in compound A. The newly formed C-C bond is exocyclic to the 6-membered 
ring: 


OMe OMe 
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23.79. 
(a) Compound 1 has three monosubstituted C=C units, giving rise to three possible ways in which ring-closing 
metathesis can occur: 


Possibility #1 Possibility #2 Possibility #3 
Ey A» quy 
Z "oc ^R Z "o NR Z "o" ~R 
OSiEts OSiEts OSiEts 


We can exclude the first possibility, because that would lead to a four-membered ring, and the problem statement 
indicates that a four-membered ring will not form when a five- or six-membered ring can form instead. Therefore, we 
consider only the latter two possibilities, which lead to a five-membered ring and a six-membered ring, respectively: 


Possibility #2 


S "dios Z ring-closing 
Je metathesis 
—— 


OSiEt4 
Possibility #3 
ring-closing 
x 16 metathesis 
== ————- 
Z Ho R 
OSIEt, 


(b) When compound 2 is used instead, it reacts with the Grubbs catalyst to give intermediate 3, which is then converted 
to intermediate 4, as shown in the problem statement. Intermediate 4 will give rise to a five-membered cyclic ether. So 
this cyclic ether must be compound A. 


Ko N Z ring-closing 
1 metathesis 
— 


OSiEt, 
A 


The relay event is accompanied by the loss of compound 5 (via ring-closing metathesis) as shown: 


i9) 
" e an. 
c^ J^ A 3 | i 
Z Zo dini: ZA "or NR = 
4 5 


, OSiEt OSiEt, 


Chapter 24 
Carbohydrates 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 24. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 


Vocabulary. 

e Carbohydrates are polyhydroxy or ketones. 

e Simple sugars are called and are generally classified as aldoses and 

e For all D sugars, the chiral center farthest from the carbonyl group has the configuration. 

e  Aldohexoses can form cyclic hemi that exhibit a pyranose ring. 

e Cyclization produces two stereoisomeric hemiacetals, called . The newly created 
chiral center is called the carbon. 

e In the a anomer, the hydroxyl group at the anomeric position is to the CH2OH group, 
while in the B anomer, the hydroxyl group is to the CH2OH group. 

e  Anomers equilibrate by a process called , Which is catalyzed by either or 


Some carbohydrates, such as D-fructose, can also form five-membered rings, called 
rings. 
Monosaccharides are converted into their ester derivatives when treated with excess 


Monosaccharides are converted into their ether derivatives when treated with excess 
and silver oxide. 
When treated with an alcohol under acid-catalyzed conditions, monosaccharides are converted into 
acetals, called . Both anomers are formed. 
Upon treatment with sodium borohydride an aldose or ketose can be reduced to yield an 


When treated with a suitable oxidizing agent, an aldose can be oxidized to yield an 
When treated with HNO3, an aldose is oxidized to give a dicarboxylic acid called an 


D-Glucose and D-mannose are epimers and are interconverted under strongly 

conditions. 

The Kiliani-Fischer synthesis can be used to lengthen the chain of an 

The Wohl degradation can be used to shorten the chain of an 

are comprised of two monosaccharide units, joined iopellier via a glycosidic 


linkage. 

Polysaccharides are polymers consisting of repeating monosaccharide units linked by 
bonds. 

When treated with an in the presence of an acid catalyst, monosaccharides are 


converted into their corresponding N-glycosides. 
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Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 24. The answers appear in the section entitled Skil/Builder Review. 


24.1 Drawing the Cyclic Hemiacetal of a Hydroxyaldehyde 


Draw the cyclic hemiacetal that is formed when the following hydroxyaldehyde undergoes 
cyclization under acidic conditions. 


Te M eius 


24.2: Drawing a Haworth Projection of an Aldohexose in the Pyranose Form 


Draw a Haworth projection of o.-D-galactopyranose. 


[H*] 


D-Galactose 


24.3: Drawing the More Stable Chair Conformation of a Pyranose Ring 


Draw the more stable chair conformation of a-D-galactopyranose. 
HOCH; 
OH [6] 
OH 
OH 
OH 
a-D-Galactopyranose More stable chair conformation 


24.4 Identifying a Reducing Sugar 


Step 1 - Identify the position. Step 2 - Determine if the group attached to the anomeric position is a 
group or group. 
CH2OH 
O -If group, then the compound is a reducing sugar. 
HO -If group, then the compound is not a reducing sugar. 
HO OCH; = 
OH 


24.5 Determining Whether a Disaccharide Is a Reducing Sugar 


Step 1 - Identify the positions. Step 2 - Determine if the groups attached to the 
OH anomeric positions are hydroxy groups or alkoxy groups. 
CH5O0H -Ifone isa group, then the compound is 
Q CH20H a reducing sugar. 
HO O Ò - If neither are groups, then the 


compound is not a reducing sugar. 


OH HO OH 
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Review of Reactions 

Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 24. The answers appear in the section 
entitled Review of Reactions. 


Hemiacetal Formation 


Reactions of Monosaccharides 


CH2OH 
CH5OAc HO O NOs ZO 
H OH 
AcO OAc OH 
OAc HO H 
\ H OH 
CH;OCH 
da HO, 0 H OH 
CH30 CH3OH N 
CH30 OCH; 4 OH H—-—oH  HO^ YO 
H 
OCH; HO ——H HO——H 
CH5OH 
Š H——oH H——OH 
HO 
HO och, Hop Bs SR 


Solutions 


24.1. 

(a) This compound is an aldehyde and it is comprised of 
six carbon atoms, so it is an aldohexose. 

(b) This compound is an aldehyde and it is comprised of 
five carbon atoms, so it is an aldopentose. 

(c) This compound is a ketone and it is comprised of five 
carbon atoms, so it is a ketopentose. 

(d) This compound is an aldehyde and it is comprised of 
four carbon atoms, so it is an aldotetrose. 

(e) This compound is a ketone and it is comprised of six 
carbon atoms, so it is a ketohexose. 


24.2. Both are hexoses so both have the molecular 
formula (C6Hi206). Although they have the same 
molecular formula, they have different constitution — one 
is an aldehyde and the other is a ketone. Therefore, they 
are constitutional isomers. 


24.3. All are D sugars except for (b), which is an L 
sugar. The configuration of each chiral center is shown 
here: 

(a) 2S, 3S, 4R, 5R 

(b) 2R, 3S, 4S 

(c) 3R, 4R 

(d) 2S, 3R 

(e) 3S, 4S, 5R 

Pay special attention to the following trend: The 
configuration of each chiral center is R when the OH 
group is on the right side of the Fischer projection (Right 
= R), and the configuration is S when the OH group is on 
the left side. This trend is observed because the OH 
group is always the #1 priority, the H atom is always the 
#4 priority, and the group including the top of the 
Fischer projection is always the #2 priority. However, 
these priorities may change for sugar derivatives, so 
configuration of chiral centers should be confirmed in 
those cases. 


24.4. 

(a) As seen in the solution to the previous problem, the R 
configuration is characterized by an OH group on the 
right side of the Fischer projection. D-Allose has all of 
the OH groups on the right side. As with all D sugars, 
the OH group on the chiral center farthest from the 
carbonyl group is on the right: 


Hv 20 

H——OH 
H——OH 
H——OH 
H—— OH 


CHAPTER 24 1129 


(b) L-Allose is the enantiomer of D-allose, so all of the 
OH groups are on the left side of the Fischer projection. 
As with any L sugar, the highlighted OH group (the OH 
group connected to the chiral center that is farthest from 
the carbonyl group) is on the left: 


H22 
HO——H 
HO——H 
HO——H 
HO——H 
CH4OH 


24.5. A ketotetrose has four carbon atoms and a ketone 
group, leaving only one chiral center, giving the 
following two enantiomers. The D and L identities are 
determined by the location of the OH group on the chiral 
center farthest from the carbonyl group (on the right for 
D sugars, and on the left for L sugars): 


dice GERON 
C—O C—O 

H OH HO H 
CH50H CH5OH 
D L 

N J 
b 
enantiomers 


24.6. An aldotetraose has four carbon atoms and an 
aldehyde group. As such, there are two chiral centers, 
giving the following four stereoisomers. The D and L 
sugars are determined by the location of the OH group 
on the chiral center farthest from the carbonyl group (on 
the right for D sugars, and on the left for L sugars) 


H "c7 H d 
H OH HO H 
H OH HO H 
CH5OH CH5OH 
D L 
Ne J 
E d 
enantiomers 
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Hv 20 HV 0 
HO——H H—— OH 
H—H OH HO——H 
CH,OH CH4OH 
D L 
M J) 
y 


enantiomers 


24.7. The enantiomer of D-fructose is L-fructose, in 
which all of the chiral centers have opposite 
configuration (as compared with D-fructose). As with 
all L sugars, the OH group on the chiral center farthest 
from the carbonyl group is on the left: 


Pager 
C—O 

H OH 
HO H 
HO H 

CHOH 
L-Fructose 


24.8. Both D-fructose and D-glucose have the molecular 
formula (CeHi20e). However, they have different 
constitution — one is a ketone, and the other is an 
aldehyde. Therefore, they are constitutional isomers. 


CH20H a 
c=0 H OH 
H OH HO H 
HO H OH 
H OH H OH 
CH20H CH;OH 
D-Fructose D-Glucose 


24.9. 

(a) We use a numbering system to determine the size of 
the ring that is formed. Four carbon atoms and one 
oxygen atom are incorporated into a five-membered ring. 
There are two methyl groups at C4, which must be 
drawn in the product: 


(b) We use a numbering system to determine the size of 
the ring that is formed. Five carbon atoms and one 
oxygen atom are incorporated into a six-membered ring, 


as shown. There are two methyl groups at C5, which 
must be drawn in the product: 


e ie] OH 
Sak : 
HO’ 5 3 1^H 4 2 
3 


4 2 


(c) We use a numbering system to determine the size of 
the ring that is formed. Four carbon atoms and one 
oxygen atom are incorporated into a five-membered ring, 
as shown. There are two methyl groups at C4 of the ring 
and one methyl group at C1 of the ring, which must be 
drawn in the product: 


[9] 
[9] 
HO — 4 En 
ax 3 1 
2 3 ^ 


24.10. Use a numbering system, starting on the carbon 
atom that is bonded to the two oxygen atoms. Number in 
the direction to include the next carbon atom and 
continue around the ring. Open the ring by 
disconnecting the C—O bond within the ring. The carbon 
that was bound to the two oxygen atoms is a carbonyl 
group in the starting material. There are two methyl 
groups at C4, which must be drawn in the starting 
material: 


O 5—o 
— > 
HO S X N 15H 
4 3 2 


24.11. 
(a) The carbonyl group can be attacked by the OH group 
that is connected to C4, giving a five-membered ring; 


5 
O O 
HO 
—— ES 
1 
HO 7 4 3 2 1 H 3 
OH : 


or the carbonyl group can be attacked by the OH group 
that is connected to C5, giving a six-membered ring: 


O s O 250H 
1 
ose H d 
OH HOS cx 


(b) The six-membered ring is expected to predominate 
because it has less ring strain than a five-membered ring. 


24.12. 

(a) We begin by drawing the skeleton of the Haworth 
projection. Then, we draw the CH20H group (at C6) 
pointing up. The anomeric OH group is then drawn 
pointing up (the D anomer has a cis relationship between 
the anomeric OH group and the CH2OH group). Finally, 
the remaining groups are drawn. All OH groups on the 


right side of the Fischer projection will be pointing down 
in the Haworth projection (and all OH groups on the left 
side of the Fischer projection will be pointing up in the 
Haworth projection). 


6 
HOCH; 
OH 7 O. OH 
4 OH 1 
3 2 


OH 


(b) We begin by drawing the skeleton of the Haworth 
projection. Then, we draw the CH2OH group (at C6) 
pointing up. The anomeric OH group is then drawn 
pointing down (the a anomer has a trans relationship 
between the anomeric OH group and the CH2OH group). 
Finally, the remaining groups are drawn. All OH groups 
on the right side of the Fischer projection will be 
pointing down in the Haworth projection (and all OH 
groups on the left side of the Fischer projection will be 
pointing up in the Haworth projection). 


6 
HOCH; 
? (6) 
4 OH OH 21 
OH 
OH X f 


(c) We begin by drawing the skeleton of the Haworth 
projection. Then, we draw the CH2OH group (at C6) 
pointing up. The anomeric OH group is then drawn 
pointing down (the œ anomer has a trans relationship 
between the anomeric OH group and the CH2OH group). 
Finally, the remaining groups are drawn. All OH groups 
on the right side of the Fischer projection will be 
pointing down in the Haworth projection (and all OH 
groups on the left side of the Fischer projection will be 
pointing up in the Haworth projection). 


6 
HOCH; 
E e 
4 1 
OH } Z OH 
OH OH 


(d) We begin by drawing the skeleton of the Haworth 
projection. Then, we draw the CH2OH group (at C6) 
pointing up. The anomeric OH group is then drawn 
pointing up (the B anomer has a cis relationship between 
the anomeric OH group and the CH2OH group). Finally, 
the remaining groups are drawn. All OH groups on the 
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right side of the Fischer projection will be pointing down 
in the Haworth projection (and all OH groups on the left 
side of the Fischer projection will be pointing up in the 
Haworth projection). 


6 
HOCH? 


OH 


(e) We begin by drawing the skeleton of the Haworth 
projection. Then, we draw the CH20H group (at C6) 
pointing up. The anomeric OH group is then drawn 
pointing up (the B anomer has a cis relationship between 
the anomeric OH group and the CH2OH group). Finally, 
the remaining groups are drawn. All OH groups on the 
right side of the Fischer projection will be pointing down 
in the Haworth projection (and all OH groups on the left 
side of the Fischer projection will be pointing up in the 
Haworth projection). 


6 
HOCH; 


(f) We begin by drawing the skeleton of the Haworth 
projection. Then, we draw the CH2OH group (at C6) 
pointing up. The anomeric OH group is then drawn 
pointing down (the a anomer has a trans relationship 
between the anomeric OH group and the CH20H group). 
Finally, the remaining groups are drawn. All OH groups 
on the right side of the Fischer projection will be 
pointing down in the Haworth projection (and all OH 
groups on the left side of the Fischer projection will be 
pointing up in the Haworth projection). 


6 
HOCH» 
> O 
4 OH 1 
OH 3 ^ OH 


OH 


24.13. This structure represents the B anomer of the 
cyclic form of D-galactose (as a six-membered ring) and 
is therefore called B-D-galactopyranose. 


1132 CHAPTER 24 


24.14. The two pyranose forms are in equilibrium with each other, via the open-chain form, as shown: 


N 
H- 0 HEA 
Ho 
Ho 
t—oH 
5, o4 
CH5OH 
D-Mannose 


a-D-Mannopyranose 


f-D-Mannopyranose 


24.15. The two pyranose forms are in equilibrium with each other, via the open-chain form, as shown: 


N 
H—A 
H- 0 
HO—}—H 
HO——H 
4 
HO—*—H 
HoH” "8 
CH20H 
D-Talose 


a-D-Talopyranose 


24.16. 

(a) The skeleton of the chair is drawn with an oxygen 
atom in the upper back-right corner. Each substituent is 
then labeled as “up” or “down” and placed on the chair 
accordingly. The anomeric OH group is drawn pointing 
up, indicating the B anomer. In this chair conformation, 
most of the substituents occupy equatorial positions, so 
this is the more stable chair conformation of 
p-D-galactopyranose. 


OH 
CHOH 


HO OH 


OH 


g-D-Talopyranose 


(b) The skeleton of the chair is drawn with an oxygen 
atom in the upper back-right corner. Each substituent is 
then labeled as “up” or “down” and placed on the chair 
accordingly. The anomeric OH group is drawn pointing 
down, indicating the o anomer. In this chair 
conformation, most of the substituents occupy equatorial 
positions, so this is the more stable chair conformation of 
a-D-glucopyranose. 


CHOH 
HÒ Q 


OH 


(c) The skeleton of the chair is drawn with an oxygen 
atom in the upper back-right corner. Each substituent is 
then labeled as “up” or “down” and placed on the chair 
accordingly. The anomeric OH group is drawn pointing 
up, indicating the D anomer. In this chair conformation, 
most of the substituents occupy equatorial positions, so 
this is the more stable chair conformation of 
p-D-glucopyranose. 


CHOH 
HO 9 


24.17. | The anomeric position becomes an aldehyde 
group in the open-chain form. The OH group at C5 (of 
the open-chain form) must be pointing to the right, 
because this is a D sugar (CH2OH is “up” in the chair 
conformation). The remaining three OH groups (at C2, 
C3 and C4) are all pointing “down,” so they must be on 
the right side of the Fischer projection of the open-chain 
form. This structure represents D-allose. 


H~ 20 
CH30H H—| OH 
HO Q H—— OH 
OH H—— OH 

OH 

OH H Huc 
CH20H 

D-Allose 


24.18. Both chair conformations of B-D-glucopyranose 
are shown below. The less stable conformation is the 
one in which all substituents occupy axial positions. 


OH HO Si 
ring flip OH 
HO Q = 70 
HO OH 
OH 
OH OH 


more stable less stable 
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24.19. 

(a) The anomeric OH group is drawn pointing down 
(thus, the a anomer). The remaining two OH groups (at 
C2 and C3) are both on the right side of the Fischer 
projection of D-erythrose, so both OH groups are both 
drawn pointing down in the Haworth projection. 


(b) The anomeric OH group is drawn pointing up (thus, 
the B anomer). The remaining two OH groups (at C2 
and C3) are both on the right side of the Fischer 
projection of D-erythrose, so both OH groups are both 
drawn pointing down in the Haworth projection. 


(c) The anomeric OH group is drawn pointing down 
(thus, the a anomer). The OH group on the left side of 
the Fischer projection (at C2 of D-threose) is drawn 
pointing up in the Haworth projection (at C2). Similarly, 
the OH group on the right side of the Fischer projection 
(at C3 of D-threose) is drawn pointing down in the 
Haworth projection (at C3). 


(d) The anomeric OH group is drawn pointing up (thus, 
the B anomer). The OH group on the left side of the 
Fischer projection (at C2 of D-threose) is drawn pointing 
up in the Haworth projection (at C2). Similarly, the OH 
group on the right side of the Fischer projection (at C3 of 
D-threose) is drawn pointing down in the Haworth 
projection (at C3). 
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24.20. The carbonyl group is first protonated, thereby rendering it more electrophilic and more susceptible to 
nucleophilic attack by one of the OH groups. The OH group at C4 will attack the protonated carbonyl group to 
generate a furanose (five-membered) ring. Deprotonation (with water functioning as a base) gives the product, as 


shown. 
H E X N H H o 
Vu zi " a2 / NAN H 
C H—00 CHAIDH ou te OH 
H OH H H OH ied 
HO H HO H 
CH;OH CH;OÓH 
L-Threose OH 
iat 
OH 
OH 
—9O 
OH 


B-L-Threofuranose 


24.21. The carbonyl group is first protonated, thereby rendering it more electrophilic and more susceptible to 
nucleophilic attack by one of the OH groups. The OH group at C5 will attack the protonated carbonyl group to 
generate a furanose (five-membered) ring. Deprotonation (with water functioning as a base) gives the product, as 


shown. 


HO H H 
H OH 
OH oe 
CHOH CHOH OH 
D-Fructose 
JOX 
H H 
CH5OH OH 
o... OH 
CH5OH 
OH 


p-D-Fructofuranose 


24.22. The name (a-D-fructopyranose) indicates that the 
open chain form is D-fructose, shown here: 


CH20H 
C—O 
HO ——H 
H—1—0OH 
H—1— OH 
CH20H 
D-Fructose 


24.23. 
(a) Upon treatment with excess acetic anhydride and 
pyridine, all of the OH groups undergo acetylation, as 
shown: 


HO SHOH excess ACO CH;OAC 
o  ^e0. o 
HO PY Aco 
OH OAc 
OH OAc 


(b) Upon treatment with excess acetic anhydride and 
pyridine, all of the OH groups undergo acetylation, as 
shown: 


CH5OH 
HO o excess Ac;O 
HO py 
OH 
OH 
CH50Ac 
AcO Q, 
AcO 
OAc 


OAc 


(c) Upon treatment with excess acetic anhydride and 
pyridine, all of the OH groups undergo acetylation, as 
shown: 


HO SHOH 
Q excess AcÔ 
HO OH py 
OH 
A 
CO GH OAc 
(0) 
AcO OAc 
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24.24. 

(a) Upon treatment with excess methyl iodide in the 
presence of silver oxide, all of the OH groups are 
converted into methoxy groups, as shown: 


HO SHOH 
Ó excess CHaI 
HO Ag20 
OH 
SB CH30 
3 CH;0CHs 
O 
CH30 
CH30 OCH; 


(b) Upon treatment with excess methyl iodide in the 
presence of silver oxide, all of the OH groups are 
converted into methoxy groups, as shown: 


CH5OH 
excess CHI 


AgoO 


CH3OCHs 


HO 


O 
OH 
OH 


(c) Upon treatment with excess methyl iodide in the 
presence of silver oxide, all of the OH groups are 
converted into methoxy groups, as shown: 


HO CH5OH 


excess CHaI 


o 
HO oH = Ag20 
OH 


CH30 


CH;OCHs 
O 
CH4O OCH; 


OCH; 
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24.25. Under acidic conditions, the anomeric OH group can be protonated, giving an excellent leaving group (water). 
Loss of the leaving group generates a resonance-stabilized cation intermediate. 


HO CHOH HO CH.OH HO CHOH 


[9] mes [0] - HO 107» 
HO HO HO A 
OH OH [2 OH 
:OH Po 
3 H ©`H | 
HO cu,oH 
c 
HO N 
OH 


This intermediate can then be attacked by ethanol, giving an oxonium ion, which is then deprotonated to give an acetal 
(an ethyl B glycoside): 


HO CH,OH A `. HO onoH / xo: HO CH 
oS EtOH o H H^ ^Et fe) 

HO à ~o HO o> HO OEt 
OH `H OH | Ot OH | 


Notice that ethanol is shown to attack from above, but it can also attack from below, giving the following acetal (an 
ethyl a glycoside): 


24.26. Under acidic conditions, the anomeric methoxy group can be protonated, giving an excellent leaving group 
(methanol). Loss of the leaving group generates a resonance-stabilized cation intermediate (resonance structures not 
shown) which can then be attacked by methanol. This attack can occur from either above or from below (as seen in the 
previous problem) giving a mixture of both anomers. In the last step of the mechanism, the oxonium ion is then 
deprotonated: 


CH;OH CHOH @ 
HO 9 HA HO LY 
HO H / 5 == Ho 
OH OH H 
:OCH3 
CH4OH 
CH;OH Eos 
HO 9 9.7 HO oO H 
gs e» 
HO OCH; HO O4 
OH OH CH3 


(a) D-Mannose is epimeric with D-glucose at C2, as 


24.27. 
shown: 
nie 
H——OH 
HO —1—H 
H——OH 
H—-—OH 
CH2OH 
D-Glucose 


HZ 
HO——H 
HO——H 

H——OH 

H—1—0OH 

CH20H 
D-Mannose 


(b) D-Allose is epimeric with D-glucose at C3, as 


shown: 

xod 
H—1—OH 

HO —1—H 
H—1—OH 
H—1—OH 
CH5O0H 

D-Glucose 


H~ 20 
H——OH 
H—-—OH 
H—1—0OH 
H——OH 
CH20H 

D-Allose 


(c) D-Galactose is epimeric with D-glucose at C4, as 


shown: 
Hee 

H—1—0OH 

HO —1—H 
H—1—0OH 
H—1—0OH 
CH5OH 

D-Glucose 


Doce 
H—-—OH 

HO—-—H 

HO—1—H 
H——OH 
CH;OH 
D-Galactose 
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24.28. Reduction of the carbonyl group generates the 
same product in each case. This can be seen by rotating 
one of the products by 180°, as shown: 


H29 CHOH CHOH 
HO——H HO—.—H HO—.—H 
H——OH NaBH,  H—j—OH _ HO—}—-H 
H——oH HO - dH OD Rotate HO——H 
H—]—0H H——oH 180 . nu—jL—oH 
CH;OH CH;OH CH;OH 
D-Altose 
H. 0 
HO——H 
HOH  NaBH, 
HO—L—H ^ no 
H——OH 
CH;OH 
D-Talose 


24.29. Reduction of the carbonyl group generates the 
same meso product in both cases. This can be seen by 
rotating one of the products by 180°, as shown: 


H Z0 
b CH;OH CH;OH 
H—+—OH H——OH HO——H 
H—+—OH NaBH, | H——OH | HO——H 
H—+—OH HO H——OH Rotate HO—]—H 
H—1—0OH H——0OH 1800  HO——H 
CHOH CH;OH CH;OH 
D-Allose 
HV 20 
HO——H 
Ple usse NaBH, 
HO—1—H H2O 
HO——H 
CH;OH 


L-Allose 
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24.30. Reduction of either D-allose or D-galactose will 
produce a meso alditol. Meso compounds are optically 
inactive: 


HN CH;OH 
H—1—OH H——OH 
H—— oH NaBH, H——OH 
HoH Ho H—— oH 
H—— oH H——oH 
CH;OH CH;OH 
D-Allose (meso) 
ced CH;OH 
H—|—oH H——oH 
HO——H NaBH, HO—-—H 
HO—|—H "GAS HO—-—H 
H—1—OH H——OH 
CH;OH CH;OH 
D-Galactose (mesa) 
2431. 


(a) The anomeric position is occupied by a methoxy 
group. Therefore, this compound is an acetal and is not a 
reducing sugar. 


(b) The anomeric position is occupied by an OH group. 
Therefore, this compound is a hemiacetal and a reducing 
sugar. 


(c) The anomeric position is occupied by an OH group. 
Therefore, this compound is a hemiacetal and a reducing 
sugar. 


24.32. 

(a) The open chain form of this compound is 
D-galactose, which is oxidized under these conditions to 
give the following aldonic acid: 


HO, 20 
H OH 
HO H 
HO H 
H OH 
CH;OH 


D-Galactonic acid 


(b) The open chain form of this compound is 
D-galactose, which is oxidized under these conditions to 
give the following aldonic acid: 


HO, 20 
H—}—OH 

HO——H 

HO——H 
H—— oH 
CH;OH 


D-Galactonic acid 


(c) The open chain form of this compound is D-glucose, 
which is oxidized under these conditions to give the 
following aldonic acid: 


HO, 20 
H——OH 
HO——H 
H—— òH 
H——OH 
CHOH 


D-Gluconic acid 


(d) The open chain form of this compound is D-glucose, 
which is oxidized under these conditions to give the 
following aldonic acid: 


HO, 20 
H——OH 
HO——H 
H—— OH 
H——OH 
CH2OH 


D-Gluconic acid 


24.33. This compound will not be a reducing sugar 
because the anomeric position is an acetal group. 


CH;OCHs 
CH4O o 
CH4O OCH; 
OCH3 


g-D-Glucopyranose pentamethyl ether 


24.34. 

(a In a Kiliani-Fischer synthesis, the chain is 
lengthened, with C1 becoming C2 in the product. Both 
possible configurations of the C2 position are obtained, 
giving the following epimers: 


Kiian- = "«gz? Haeo 
H OQ Fischer 

^o^ — — |H——0H. + [HO——H 
H—]—0H H——OH H—— 0H 
OH H——OH H—— 0H 
H—— OH H—— OH H—— OH 
CHOH CH;OH CH2OH 

D-Ribose D-Allose D-Altrose 

(b) In a Kiliani-Fischer synthesis, the chain is 


lengthened, with C1 becoming C2 in the product. Both 
possible configurations of the C2 position are obtained, 
giving the following epimers: 
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24.35. Conversion of D-erythrose (which has four carbon 
atoms) to D-ribose (which has five carbon atoms) 
requires a chain-lengthening process. This process will 


produce D-ribose together with its C2 epimer, 
D-arabinose, as shown: 
— H. Hv 0 
xcd H—|—OH + |HO—|—H 
H——OH 4jHcN H—}—OH H—}—OH 
< 
H——OH__2)Hp, H—]1—0H H——OH 
CHOH Pd / BaSO4, CH20H CHOH 
H,O 
D-Erythrose * D-Ribose D-Arabinose 
24.36. | A Wohl degradation involves the removal of a 


carbon atom from an aldose. As shown below, D-ribose 
can be made from either D-allose or D-altrose: 


Kiliani- = P»gz? Hee 
H O Fischer 

d H—l—OH, + |HO—J—H 

H OH H—— OH H—— oH 
HO H HO——H HO——H 
H OH H——OH H——OH 
CH20H CH20H CH30H 
D-Xylose D-Gulose D-Idose 
(c) In a Kiliani-Fischer synthesis, the chain is 


lengthened, with C1 becoming C2 in the product. Both 
possible configurations of the C2 position are obtained, 
giving the following epimers: 


Hage H «c7 
H [9] 
H——OH HO——H hc 
Wohl 
H—— OH H——OH degradation H OH 
or eee ee 

H——oH H—— oH H——oH 
H——oH H—— oH H—— oH 

CHOH CHOH CHOH 
D-Allose D-Altrose D-Ribose 


24.37. A Wohl degradation will remove a carbon atom 
from an aldose. This method can be used to convert D- 


Kiliani- Sez Heo 

H. ZO Fischer - m. Lr. m 

HO —1—H HO —1—H HO —1—H 

HO —1—H HO —1—H HO —1—H 
H—— OH H——OH H—T— OH 
CH20H CH20H CH20H 

D-Lyxose D-Galactose D-Talose 


ribose into D-erythrose, as shown: 


H “ae? 
H, 20 
e 1) NH2OH Ç 
OH ve —— 
2) AcO d vH 
OH H——OH 
3) NaOMe 
CH20H CH;OH 
D-Ribose D-Erythrose 


24.38. A Wohl degradation will remove a carbon atom from D-glucose. This carbon atom is then restored with a 
Kiliani-Fischer synthesis, giving D-glucose and its C2 epimer, D-mannose. 


Hv 20 

H——OH 
HO H 

OH 

OH 

CHOH 


D-Glucose 


H se 
H H 
Wohl 
Degradation H OH 
— o 

H OH 
CH2OH 
D-Arabinose 


H Sez H Ve 
H OH HO —1—H 
Kiliani- 
Fischer HO H à HO—1—H 
H OH H —1— OH 
H OH H —1— OH 
CHOH CH2OH 
D-Glucose D-Mannose 
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24.39. 

(a) One of the anomeric positions (bottom right) bears an OH group. Therefore, this disaccharide is a reducing sugar. 
(b) Both anomeric positions bear alkoxy groups, so this disaccharide is not a reducing sugar. 

(c) Both anomeric positions bear alkoxy groups, so this disaccharide is not a reducing sugar. 


24.40. One of the rings (bottom right) has an anomeric OH group. As such, it is in equilibrium with the open chain 
form, which is reduced in the presence of sodium borohydride, as shown: 


CH20H CH;OH 
HO ie CH5OH HO O CH;OH 
HO [9] Q NaBH, HO [9] OH 
OH HO m OH HO OH 
9H OH 
OH 


24.41. 
(a) One of the rings (bottom right) has an anomeric OH group. As such, it is in equilibrium with the open chain form, 
which is reduced in the presence of sodium borohydride, as shown: 


CH20H CH20H 
HO Q CH2OH HO Ó CH4OH 
HO o S ELLA os * Jeg O OH 
OH Ho OH Hee OH Ho OH 
OH OH 


(b) One of the rings (bottom right) has an anomeric OH group, and is therefore in equilibrium with the open chain 
form, which is oxidized in the presence of Br? and H20 (at pH = 6), as shown: 


CH20OH CH20H 
HO Q CHOH HO O CHOH 
HO O o Ba. ^ HO O OH 
OH Ho OH H20 OH go OH 
OH OH 
Ó 


(c) Under these conditions the glycosidic bond between the two glucose monomers is cleaved, resulting in two glucose 
monosaccharides. Each of these glucose monosaccharides now contains an anomeric OH group (hemiacetal). Upon 
continued treatment with methanol in acidic conditions, each hemiacetal is converted into an acetal (glycoside), 
converting the anomeric OH group into a methoxy group. This results in a mixture of a and f anomers, as shown: 


CH;OH 
HO Q CHOH CH20H CH;OH 
HO o 2 CHOH > HO 9 HO © 
OH Ho oh HCI HO OCH; * HO 
OH OH OH 
OCH, 


(d) Upon treatment with excess acetic anhydride and pyridine, each of the OH groups undergoes acetylation, as shown: 


CHOH CHsOAc 
HO 9 CH2OH AcO O CH3OAc 
HO [e Q Ac20 | AcO [e Q 
OH HO OH Py O^c  AcO OAc 


OH OAc 


24.42. 

(a) The OH group connected to C3 is pointing to the 
right, so this is a D-sugar. The functional group at Cl is 
an aldehyde group, so the compound is an aldose. And 
finally, the compound has four carbon atoms, so it is a 
tetrose. In summary, this compound is a D-aldotetrose. 


(b) The OH group connected to C4 is pointing to the left, 
so this is an L-sugar. The functional group at Cl is an 
aldehyde group, so the compound is an aldose. And 
finally, the compound has five carbon atoms, so it is a 
pentose. In summary, this compound is an L- 
aldopentose. 


(c) The OH group connected to C4 is pointing to the 
right, so this is a D-sugar. The functional group at Cl is 
an aldehyde group, so the compound is an aldose. And 
finally, the compound has five carbon atoms, so it is a 
pentose. In summary, this compound is a D-aldopentose. 


(d) The OH group connected to C5 is pointing to the 
right, so this is a D-sugar. The functional group at C1 is 
an aldehyde group, so the compound is an aldose. And 
finally, the compound has six carbon atoms, so it is a 
hexose. In summary, this compound is a D-aldohexose. 


(e) The OH group connected to C4 is pointing to the 
right, so this is a D-sugar. The functional group at C2 is 
a ketone group, so the compound is a ketose. And 
finally, the compound has five carbon atoms, so it is a 
pentose. In summary, this compound is a D-ketopentose 


24.43. D-Glyceraldehyde has the R configuration, while 
L-glyceraldehyde has the S configuration. Therefore: 

(a) The chiral center has the R configuration. This 
compound is D-glyceraldehyde. 

(b) The chiral center has the S configuration. This 
compound is L-glyceraldehyde. 

(c) The chiral center has the R configuration. This 
compound is D-glyceraldehyde. 

(d) The chiral center has the S configuration. This 
compound is L-glyceraldehyde. 


24.44. 

(a) This compound is D-Glucose (see Figure 24.4). 
(b) This compound is D-Mannose (see Figure 24.4). 
(c) This compound is D- Galactose (see Figure 24.4). 
(d) This compound is L-Glucose (see Figure 24.4). 


24.45. 

(a) D-Ribose is epimeric with D-arabinose at C2. 

(b) D-Arabinose is epimeric with D-lyxose at C2. 

(c) The enantiomer of D-ribose has the opposite 
configuration (S, rather than R) for all three chiral 
centers: 
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CH20OH 
L-Ribose 


(d) The enantiomer of D-arabinose is L-arabinose, 


H seo H Sore 
HO ——H H—1—OH 
H—1—OH HO —1—H 
H—T—OH HO—T—H 

CHOH CHOH 
D-Arabinose L-Arabinose 


and the C2 epimer of L-ribose is also L-arabinose, shown 
here: 


H ker H as 
HO H H OH 
HO H HO H 
HO H HO H 
CH5OH CHOH 
L-Ribose C2 epimer of L-ribose 


(L-arabinose) 


Therefore, the enantiomer of D-arabinose and the C2 
epimer of L-ribose are the same compound (they are 
both L-arabinose). 


(e They are diastereomers because they are 
stereoisomers that are not mirror images. 


24.46. 

(a) We use a numbering system to determine the size of 
the ring that is formed. The carbonyl group can be 
attacked by the OH group that is connected to C4, giving 
a cyclic hemiacetal that is a five-membered ring: 


O . o 
4 2 3 


(b) We use a numbering system to determine the size of 
the ring that is formed. The carbonyl group can be 
attacked by the OH group that is connected to C5, giving 
a cyclic hemiacetal that is a six-membered ring. Notice 
that there is a methyl group connected to C1 of the ring, 
as well as a methyl group connected to C5 of the ring: 
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o OH atom that was bound to the two oxygen atoms is a 
ie) 2 carbonyl group in the starting material. There are two 
rst dt ———- 5 methyl groups at C3, which must be drawn in the starting 
HO” 5 i 3 2-3 4 2 material: 
3 
[9] 
24.47. Use a numbering system starting on the carbon H o M. JL. 
atom that is bonded to the two oxygen atoms. Number in 3 1^H 
the direction to include the next carbon atom and 4 s 
continue around the ring. Open the ring by 
disconnecting the C—O bond within the ring. The carbon 
24.48. 
(a) The following are the two pyranose forms (a and p anomers) of D-ribose: 
Hee ZO 
2 5—o 5—o 
H OH OH 
Ht oH === 4 1 + 4 1 
H—— oH Ho ‘Net OH Ho N——À 
5 
CH20H OH OH OH OH 
D-ribose a pyranose ring P pyranose ring 
(b) The following are the two furanose forms (a and B anomers) of D-ribose: 
Has ZO ? 7 5 
2 HOCH; o CH5OH CH5OH OH 
H OH O Oo 
H-}-cH = * t= ÉR E EL. 
H-L—oH d 3 2| 9H 3 2 
5 OH OH OH OH OH OH 
CH5OH 
a furanose ring P furanose ring 
D-ribose 
24.49. 24.50. Upon treatment with aqueous acid, the acetal 


(a) These compounds are diastereomers that differ from 
each other in the configuration of only one chiral center. 
Therefore, they are epimers. 

(b) These compounds are stereoisomers that are not 
mirror images of one another. Therefore, they are 
diastereomers. 

(c) These compounds are non-superimposable mirror 
images of one another. Therefore, they are enantiomers. 
(d) These structures are two different representations of 
the same compound (p-D-glucopyranose), so they are 
identical compounds. 


undergoes hydrolysis to give a hemiacetal (the anomeric 
methoxy group is replaced with an anomeric hydroxy 
group). The open chain form of the cyclic hemiacetal is 
D-glucose. 


Hv 0 
H——OH 

HO——H 
H—— òH 
H—— òH 
CH OH 


D-Glucose 


24.51. To assign the configuration of each chiral center, 
we can use the rule of thumb that was pointed out in the 
solution to Problem 24.3. Specifically, an OH on the 
right side of the Fischer projection indicates the R 
configuration, while an OH on the left side of the Fischer 
projection indicates the S configuration: 


(a) (b) (c) 
H. Z0 Hv 20 
Nee H—[P-oH H—=-OH 
H—jf&-oH H—f-oH HO—S-H 
H—S-OH HO—S-H H—£-OH 
CH;OH CH;OH CH;OH 
(d) (e) 
HV 2 
H—"-OH CH;OH 
HO—S-H c=o 
H—[-oH HO—S-H 
H— -0H H—&-OH 
CH2OH CH;OH 


24.52. The structures below can be found in Figure 24.5: 


(a) (b) 
H [9] 
H —1—OH 
H OH 
HO —1—H 
HO H 
H—1—OH 
HO H 
H—1—OH 
H OH 
CH;O0H 
2 CH50H 

D-Glucose D-Galactose 
(c) (d) 

H Sed H sez 
HO H OH 
HO H OH 

OH H OH 
OH H OH 
CH;O0H CH2OH 
D-Mannose D-Allose 
24.53. 


(a) We begin by drawing the open chain form of D- 
fructose (see Figure 24.6). This compound is closed into 
a furanose form, so we draw a Haworth projection of a 
furanose skeleton (a five-membered ring with the oxygen 
atom in the back). We use a numbering system to assist 
us. Next, we draw the CH2OH group (connected to C5) 
pointing up, because this is a D sugar. The anomeric OH 
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group is then drawn pointing up (the B anomer has a cis 
relationship between the anomeric OH group and the 
CH20H group). Finally, the remaining OH groups are 
drawn. Any OH groups on the right side of the Fischer 
projection will be pointing down in the Haworth 
projection, while any OH groups on the left side of the 
Fischer projection will be pointing up in the Haworth 
projection): 


1 
CH4OH 

x 
c=0 


6 
CH3OH 


f.-D-Fructofuranose 


D-Fructose 


(b) We begin by considering the open chain form of D- 
galactose (see Figure 24.5). This compound is closed 
into a pyranose form, so we draw a Haworth projection 
of a pyranose skeleton (a six-membered ring with the 
oxygen atom in the back right corner). Next, we draw 
the CH2OH group (connected to C5) pointing up, 
because this is a D sugar. The anomeric OH group is 
then drawn pointing up (the B anomer has a cis 
relationship between the anomeric OH group and the 
CH20H group). Finally, the remaining OH groups are 
drawn. Any OH groups on the right side of the Fischer 
projection will be pointing down in the Haworth 
projection, while any OH groups on the left side of the 
Fischer projection will be pointing up in the Haworth 
projection): 


H, 40 

$c 

3 6 

H— -oH HOCH; 
HO—É—H HO Æ O, OH 
HO—[f-H DS i 
H— 0H 3 i 

i OH 

CH20H p-D-Galactopyranose 
D-Galactose 


(c) We begin by considering the open chain form of D- 
glucose (see Figure 24.5). This compound is closed into 
a pyranose form, so we draw a Haworth projection of a 
pyranose skeleton (a six-membered ring with the oxygen 
atom in the back right corner) Next, we draw the 
CH2OH group (connected to C5) pointing up, because 
this is a D sugar. The anomeric OH group is then drawn 
pointing up (the B anomer has a cis relationship between 
the anomeric OH group and the CH2OH group). Finally, 
the remaining OH groups are drawn. Any OH groups on 
the right side of the Fischer projection will be pointing 
down in the Haworth projection, while any OH groups 
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on the left side of the Fischer projection will be pointing 
up in the Haworth projection): 


6 
HOCH; 
OH 
5 [9] 
—— D 4 OH 1 
HO X 2 
6 OH 
CH20H p-D-Glucopyranose 
D-Glucose 


(d) We begin by considering the open chain form of D- 
mannose (see Figure 24.5). This compound is closed 
into a pyranose form, so we draw a Haworth projection 
of a pyranose skeleton (a six-membered ring with the 
oxygen atom in the back right corner). Next, we draw 
the CH2OH group (connected to C5) pointing up, 
because this is a D sugar. The anomeric OH group is 
then drawn pointing up (the f anomer has a cis 
relationship between the anomeric OH group and the 
CH20H group). Finally, the remaining OH groups are 
drawn. Any OH groups on the right side of the Fischer 
projection will be pointing down in the Haworth 
projection, while any OH groups on the left side of the 
Fischer projection will be pointing up in the Haworth 
projection): 


HOCH; 
i O, OH 
== KOH OH 
HO : 2 
CHOH g-D-Mannopyranose 
D-Mannose 


24.54. D-allose is the aldohexose that is epimeric with 
D-glucose at C3. The a-pyranose form of D-allose is 


shown here: 
HOCH; 


24.55. 

(a) This structure represents the o anomer of the 
pyranose form of D-allose and is therefore called 
a-D-allopyranose. 


(b) This structure represents the p anomer of the 
pyranose form of D-galactose and is therefore called 
p-D-galactopyranose. 

(c) This structure represents a methyl glycoside. It is an 
acetal of the B anomer of the pyranose form of D-glucose 
and is called methyl B-D-glucopyranoside. 


24.56. 

(a) The anomeric position becomes an aldehyde group in 
the open-chain form. The OH group at C5 (of the open- 
chain form) must be pointing to the right, because this is 
a D sugar (CH20H is “up” in the chair conformation). 
The remaining three groups (at C2, C3 and C4) are all 
pointing “down,” so they must be on the right side of the 
Fischer projection of the open-chain form. This structure 
represents D-allose: 


iss 


ZO 
OH 
OH 
OH 
OH 

CHOH 


D-Allose 


X GEO LES IE 


(b) The anomeric position becomes an aldehyde group in 
the open-chain form. The OH group at C5 (of the open- 
chain form) must be pointing to the right, because this is 
a D sugar (CH20H is “up” in the Haworth projection). 
The OH group at C2 is "down," so it is on the right side 
of the Fischer projection. The remaining two OH groups 
(at C3 and C4) are pointing “up,” so they must be on the 
left side of the Fischer projection of the open-chain form. 
This structure represents D-galactose. 


Hae 
H—— OH 

HO—1—H 

HO—1—H 
H—1—0OH 
CHOH 
D-Galactose 


(c) The anomeric position becomes an aldehyde group in 
the open-chain form. The OH group at C5 (of the open- 
chain form) must be pointing to the right, because this is 
a D sugar (CH20H is “up” in the chair conformation). 
The OH groups at C2 and C4 are "down," so they appear 
on the right side of the Fischer projection. The remaining 
OH group at C3 is pointing “up,” so it appears on the left 
side of the Fischer projection of the open-chain form. 
This structure represents D-glucose: 


is 
H—1—OH 

HO ——H 
H—T—OH 
H—1— OH 
CHOH 
D-Glucose 


24.57. 

(a) When treated with excess methyl iodide and silver 
oxide, all of the OH groups in the B-pyranose form of 
D-allose are converted into methoxy groups (via 
methylation), giving the following compound: 


CH2OCH; 
Ò 


CH30 
OCH; 
OCH; 


OCH; 


(b) When treated with excess acetic anhydride and 
pyridine, each of the OH groups in the B-pyranose form 
of D-allose will undergo acetylation to give the 
following compound: 

CH20Ac 

AcO 9. 


OAc 
OAc 


(c) When treated with methanol and HCl, the anomeric 
OH group in the B-pyranose form of D-allose is 
converted into a methoxy group. Both possible anomers 
of the methyl glycoside are formed: 


CH;OH CH20H 
HO o HO E 
OCH; + 
OH OH 
OH OH — OCH, 


24.61. 


galactopyranose are converted into methoxy groups, as shown. 
hydrolyzed, giving both anomers of the resulting hemiacetal: 


È CH,OH CH30 
Q excess CH3] 


HO Ag;O 
OH 


CH,OCH, 
o 


CHO 


OH CHO OCH, 
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24.58. The product, shown below, is optically inactive 
because it is a meso compound: 


HO, 20 
H—-OH 
meso HO-1—H 
compound HO—-—H 
H—-OH 
Hoo 


24.59. Upon treatment with nitric acid, D-allose 
undergoes oxidation to give an aldaric acid that is 
optically inactive because it is a meso compound: 


H suec HESS. 
H OH H OH 
H OH HNO4, H2Ò H OH 
H OH heat H OH 
H OH H OH 
CHsOH ub 36 
D-Allose 


optically inactive 


meso 
compound 


24.60. The skeleton of the chair is drawn with an 
oxygen atom in the upper back-right corner. Each 
substituent is then labeled as “up” or “down” and placed 
on the chair accordingly. The anomeric OH group is 
drawn pointing down, indicating the a anomer. In this 
chair conformation, the largest substituent (CH2OH) 
occupies an equatorial position, so this is the more stable 
chair conformation of a-D-altropyranose. 


equatorial axial 
HO OH 
HO i 
equatorial 
OH OH 
axial axial 


Upon treatment with excess methyl iodide in the presence of silver oxide, all of the OH groups in D- 


Upon treatment with aqueous acid, the acetal is 


CHO CHO 
95 CHOCH; 3) CHOCH; 


H,0* o o 


CH4O CH3O OH 


cH by OCH; 
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24.62. 

(a) D-Glucose and D-gulose (see Figure 24.5) are stereoisomers that are not mirror images of each other, so they are 
diastereomers. 

(b) D-Ribose and D-arabinose are C2 epimers: 


H d H So? 
HO H H OH 
H OH OH 
H OH H OH 
CH35OH CH20H 

D-arabinose R-ribose 


Therefore, removing the OH group from C2 of either compound will result in the same structure. That is, 2-deoxy-D- 


ribose and 2-deoxy-D-arabinose are the same compound. 


OH 
CH20H 


2-deoxy- 
D-arabinose 


24.63. 2-Ketohexoses have three chiral centers. 


the following four stereoisomers: 


CHOH CHOH 

C-O C-O 
OH HO H 
OH OH 
OH OH 

CH;OH CHOH 


24.64. A Wohl degradation involves the removal of a carbon atom from an aldose. As shown below, D-ribose can be 


made from either D-allose or D-altrose: 


HV 20 
H OH 
Wohl 
H d degradation H., 7 O 
H OH C 
H OH H——OH 
CH;OH H—)—OH 
D-Allose H—— OH 
CH;OH 


OH 
CH3OH 


2-deoxy- 
R-ribose 


CHOH 
geo 

H—— òH 
HO H 

H—[—OH 

CHOH 


Wohl 


e 


The configuration of one of these chiral centers (at C5) is fixed 
because the problem statement asks only for D sugars. That leaves two other chiral centers (C3 and C4), giving rise to 


CH;OH 
psg 
HO H 
HO H 
H—[—O0H 
CHjOH 


Hage 

HO —1—H 
H—1— OH 
H—1— OH 
H—1— OH 
CHOH 
D-Altrose 


24.65. In a Kiliani-Fischer synthesis, the chain is 
lengthened, with C1 becoming C2 in the product. Both 
possible configurations of the C2 position are obtained, 
giving the following epimers: 


O H O 
Kiliani- icd Boa 
H, ZO Fischer 

C > H OH + |HO——H 

HO——H HO——H HO——H 
H—+—OH H—}—OH H—}—OH 
H—+—OH H—}—OH H—}—OH 
CH;OH CH;OH CH;OH 

D-Arabinose D-Glucose D-Mannose 
24.66. The aldehyde group is converted into a 


cyanohydrin. The newly installed chiral center can have 
either R or S configuration, giving the following 
diastereomers: 


s CN CN 
B s H—— 0H . Ho-1—H 
HCN 
H—-O0H ——» Hon + HoH 
CHOH CHOH CHOH 


D-Glyceraldehyde Diastereomers 


24.67. 
(a) Upon treatment with sodium borohydride, the 
aldehyde group of D-glucose is reduced to an alcohol, 
giving the following alditol: 
CH5OH 
H OH 
HO H 


OH 
CH4OH 


(b) As shown, treatment of L-gulose with sodium 
borohydride gives the same alditol as above (the two 
drawings are superimposable when rotated 180°). 


im CH;OH CH;OH 
HO—|—H HO—[—H H—— oH 
HO——H NaBH, HO——H __ HO—[—H 

H——oH HO H—-—OH  H—— oH 
HO—.—H HO—.—H H—|—oH 

CH;OH CH;OH CH;OH 

L-Gulose 
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24.68. As seen in the solution to Problem 24.30, 
D-allose and D-galactose are converted into optically 
inactive alditols (meso compounds) upon treatment with 
sodium borohydride. 


24.69. 

(a) This compound is not a reducing sugar because the 
anomeric position bears an alkoxy group (the compound 
is a cyclic acetal). 

(b) This compound is a reducing sugar because the 
anomeric position bears an OH group (the compound is a 
cyclic hemiacetal). 


24.70. 

(a) Treatment with CH3OH and HCl converts the 
hemiacetal to an acetal (a methyl glycoside). 

(b) Treatment with CH3OH and HCl converts the 
hemiacetal to an acetal (a methyl glycoside). 

(c) Treatment with HNOs, H2O and heat oxidizes the 
primary alcohol and aldehyde to carboxylic acids. 

(d) Treatment with excess CH3I and Ag2O methylates all 
of the OH groups, and subsequent hydrolysis with H3O* 
converts the acetal to a hemiacetal, leaving the methyl 
ethers intact. 


24.71. 

(a) The cyclic acetal undergoes hydrolysis to give a 
cyclic hemiacetal (the methoxy group at the anomeric 
carbon atom is replaced with an OH group). Under these 
conditions, both anomers are formed, giving a-D- 
glucopyranose and f-D-glucopyranose. 

(b) The cyclic acetal undergoes hydrolysis to give a 
cyclic hemiacetal (the ethoxy group at the anomeric 
carbon atom is replaced with an OH group). Under these 
conditions, both anomers are formed, giving a-D- 
galactopyranose and f-D-galactopyranose. 


24.72. 

(a) Oxidation of D-arabinose with nitric acid gives the 
same aldaric acid as oxidation of D-lyxose. 

(b) D-Ribose and D-xylose yield optically inactive 
alditols (meso compounds) when treated with sodium 
borohydride. 

(c) Reduction of D-xylose yields the same alditol as 
reduction of L-xylose. 

(d) D-xylose has a f-pyranose form in which all 
substituents are equatorial. 


24.73. Trehalose is a disaccharide assembled from two 
equivalents of the a-pyranose form of D-glucose. 
Trehalose is not a reducing sugar, which means that the 
two rings must be fused at the anomeric positions (so 
there is no anomeric OH group). The disaccharide is 
assembled from the a-pyranose form of each subunit of 
D-glucose, with the anomeric alkoxy group trans to the 
CH20OH group on C5 of each glucose subunit: 


1148 CHAPTER 24 
HOCH» 
[9] 
OH 
HO Ò [9] OH 
OH HOCH) 
OH 


OH 


24.74. Reduction of D-xylose gives the following 
structure (D-xylitol): 
H Oo 
ord CH5OH 
H OH H OH 
ponty. ee Goa es 
H;O 
H OH H OH 
CH20H CH5OH 
D-Xylose D-Xylitol 


24.75. The alpha-1,6 glycoside linkage of isomaltose is 
illustrated below: 


CHOH 
HO S 
HO 1 
OH 
Ov 6 
CH» 
HO S 
HO 
OH 
Isomaltose OH 


(an a-1,6 glycoside) 


24.76. 

(a) No, it is not a reducing sugar because the anomeric 
position has a phenoxy group (it is a cyclic acetal). 

(b) The acetal group is hydrolyzed, giving both anomers 
of the cyclic hemiacetal: 


OH 
OH 


HO (0) 
OH salicin 


OH H30* 


HO o 


HO 


OH 
OH 
OH 
$ OH 
HO OH 
OH 
OH 
(c) Salicin is a B-glycoside, because the anomeric alkoxy 
group is cis to the CH2OH group on C5. 


(d) Upon treatment with acetic anhydride and pyridine, 
all of the OH groups undergo acetylation, giving the 
product shown: 


OH 
OH 
HO Q 
HO [e] x. 
OH salicin 
AcoO 
py 
OAc 
OAc 
AcO Q 
AcO Ò 
OAc 


(e) No. In the absence of acid catalysis, the acetal group 
is not readily hydrolyzed. 
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24.77. This transformation involves the conversion of a cyclic hemiacetal to an acetal. The anomeric OH group is 
protonated under acidic conditions, giving an excellent leaving group (water). Loss of the leaving group gives a 
resonance-stabilized cation (the most significant resonance structure is shown). This cation is then attacked by phenol, 
giving an oxonium ion that is deprotonated to give the product: 


OH 
HO 9 
HO 
OH 
24.78. The following a and B anomers are obtained does not bear an OH group (as compared with 
when D-glucose is treated with aniline: adenosine): 
NH2 
CH20H N 
OÓ H SN 
HO | d | P 
HO N HO N Z 
OH N 
[e] 
a B-N-Glycoside 
2-Deoxy 
OH adenosine 
CH,OH 
HO O (b) The following nucleoside, called guanosine (see 
HO Figure 24.13), is formed from D-ribose and guanine: 
OH 
ge i 
N T 
an a-N-Glycoside d | zl 
Zz 
2 N^ 7N* "NH; 
24.79. o 
(a) The following nucleoside is formed from 2-deoxy-D- Guanosine 
ribose and adenine. Notice that this structure differs OH OH 


from adenosine (see Figure 24.13) only at the C2 
position. Specifically, the C2 position in this structure 


1150 CHAPTER 24 


24.80. There are only four D-aldopentoses, all which are shown below. Only the first two are reduced to give an 
optically active alditol, as shown. The latter two are reduced to give meso compounds (not optically active): 


i a 
H «c7 H SoH? 
HO H HO H 
H OH HO 
H OH H OH 
CH2OH CH2OH 
LO) LO) 
NaBH, NaBH; 
H20 H20 
CH20H CH20H 
HO H HO H 
H OH HO H 
H OH H OH 
CH2OH CH20OH 


(optically active) (optically active) 


24.81. The correct answer is (d). Both of these 
compounds have the molecular formula Ce6Hi2Oe, but 
they have a different connectivity of atoms. The C-O 
bond is located at C1 in the first compound, but located 
at C2 in the second compound: 


xz? CH;OH 
H—|—0H 6o 
HO——H HO——H 
H—]— oH H—1—OH 
H—}—OH H—— OH 
CH2OH CH4OH 
CeH 20e CeH 206 


Therefore, these compounds are constitutional isomers 
(the first is an aldose, and the second is a ketose). 
Stereoisomers must have the same connectivity of atoms 
(differing only in configuration), so these compounds 
cannot be stereoisomers. 


24.82. The pyranose form of glucose has a six- 
membered ring. The correct answer is (c). 


24.83. The correct answer is (b). The classification of a 
sugar as D or L depends on the configuration of the 
chiral center farthest from the carbonyl group. All D 
sugars will have an OH group in this position pointing to 


H <7? H See 
H—1—0H H OH 
H—1— 0H HO H 
H—1— OH H OH 
CH5OH CH5OH 
NaBH, NaBH, 
H20 H20 
CH20H CH20H 
H—1— OH H OH 
=E OES =3H H--- 
H—1— OH H OH 
CH5OH CH5OH 


(optically inactive) (optically inactive) 


the right in the Fischer projection. Structure (b) has an 
OH group in this position pointing to the left, so it is an L 
sugar: 


CHO 
H—— 0H 
HO——H 
H—— 0H 
HO--—H 
CH3OH 


24.84. The correct answer is (d). When a carbohydrate 
undergoes cyclization, the aldehydic carbon becomes the 
anomeric carbon. Note that the anomeric carbon atom 
still has two C-O bonds. Variation of the configuration 
at the anomeric position gives rise to a and B forms of 
the cyclic sugar, called anomers. The structure below 
represents the B anomer: 


OH 
OH 
HO o anomeric carbon 
OH OH was C=O carbon 
H H in acyclic form 
H H 


24.85. The correct answer is (a). Epimers are 
diastereomers that differ from each other in the 
configuration of only one chiral center, as shown below: 


CHO CHO 
HO——H OH 
H——OH OH 
H——OH H OH 
CHOH CH;OH 


24.86. 

(a) D-Gluconic acid is formed when the C1 position of 
D-glucose undergoes oxidation to give a carboxylic acid, 
shown here: 


HO. ^O 
H—— òH 
HO—+—H 
OH 
OH 
CHOH 


(b) A numbering system is used to help draw the 
product. The CH2OH group (connected to C5) is drawn 
pointing up, because the starting material is a D sugar. 
Any OH groups on the right side of the Fischer 
projection will be pointing down in the Haworth 
projection, while any OH groups on the left side of the 
Fischer projection will be pointing up in the Haworth 
projection): 


6 
HOCH, 


ED 
——- ‘ck OH —=0 
OH N A 
OH 


6 
CHOH 
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(c) Yes. The compound has chiral centers, and it is not a 
meso compound. Therefore, it will be optically active. 


(d) The gluconic acid is a carboxylic acid and its IR 
spectrum is expected to have a broad signal between 
2200 and 3600 cm!. The IR spectrum of the lactone will 
not have this broad signal. 


24.87. In order for the CH2OH group to occupy an 
equatorial position, all of the OH groups on the ring must 
occupy axial positions. The total energy cost associated 
with the steric interactions of the axial OH groups is 
more than the energy cost associated with one (albeit 
larger) CH2OH group in an axial position. Therefore, the 
equilibrium will favor the form in which the CH2OH 
group occupies an axial position. The structure of L- 
idose is shown here: 


H Oo 
H OH 
HO-|—-H ..  . ud e 
H OH ^ —— HO Be OH 
HO H HOCH? 
CH50H 
L-Idose 


24.88. The molecular formula (C6H1206) indicates that compound A is a hexose (carbohydrate with six carbon atoms). 
Compound A is a reducing sugar, so it must be an aldohexose (rather than a ketohexose). Two successive Wohl 
degradations of compound A gives D-erythrose, which indicates the configurations of C4 and C5 of the aldohexose 
(both positions have the R configuration, just as in D-erythrose). Compound A is epimeric with glucose at C3, which 
indicates the R configuration at C3 (D-glucose has the S configuration at C3). Finally, C2 has the R configuration, 
giving the structure shown below (D-allose). The B-pyranose form of D-allose has also been drawn below. When 
treated with excess ethyl iodide in the presence of silver oxide, all of the OH groups in the B-pyranose form of 
compound A undergo alkylation, thereby converting them into ethoxy groups, as shown: 


H zo 
H—1—0H OH 
H—1— OH 
HO 9 
H—-—OH 
H—-—OH OH 
OH 
CH5OH 
f-pyranose form 
D-Allose 


(Compound A) 


OEt 
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24.89. Glucose is the most common monosaccharide observed in nature because of its unique stability. Glucose can 
adopt a chair conformation in which all of the substituents on the ring occupy equatorial positions. Therefore, D- 
glucose can achieve a lower energy conformation than any of the other D-aldohexoses. 


24.90. Epimerization of a chiral center can occur if it is alpha to a carbonyl group. Furthermore, the position of a 
carbonyl group can be changed by tautomerization to a dienol (2-step mechanism), followed by tautomerization back to 
a carbonyl group in a new position (2-step mechanism). As the carbonyl group “walks” down the carbon chain, each 
chiral center can be inverted. Once the carbonyl group “walks” back to its original position, the enantiomer of the 
original sugar is obtained. The following mechanism consists entirely of deprotonation and protonation steps. Notice 
that for each deprotonation step, hydroxide is used as the base, while water is used as the proton source for each 
protonation step (consistent with basic conditions): 


OQ 
H [e] :0: OH 
SC” pup pu CHOH 
Hon * H `o H o£ 
.. gn EP 
HO——H *OH HO——H H^ HO—[—H taut Ho— 2H 
H—]|—0H H——OH H——OH H——OH 
H——OH H——OH H——OH H——OH 
CH;OH CHOH CHOH CHOH 
D-glucose o. 
:OH 
Y 
CHOH 
CHOH " Bi CHOH CHOH 
H—— 0H iA m Pa J&A ros 
Ə.. OH N el. taut pem 9 
Ko; > HOH lH H——OH H—1—0H 
H OH H——OH H—— 0H H—— 0H 
CH;OH CHOH CHOH CHOH 
ry 
ee CHOH CHOH 
g HO——H e H—— oH 
T 2 Lo. 
OH taut :Q Ta ee H HOR H 
HO * ^c cf 
H—— oH x HÓ—|—H 
CHOH 
CH5OH CHOH 
os 
*OH 


CHOH f^ CHOH CHOH CHOH 
AS HZ oH H OH d "deos H OH 
HO 95 af aus ? 
‘ÖH c=0 iot HO H^ `H de! 
PRIUS —— aoa c OH OH 
vigens vel aee H OH HO H 
CH CHOH 
CH;OH CHOH 2OH 2 
E 
í iC OH OH 
H—H NI Hau 
CHOH 0: OH 
OH i n 7 SR H HO—L—H 
MIA O. pal Vo. FEM 
Ho taut OH — 16H H OR ur wp. oH OH taut H—— 0H 
HO H == HO H s= HO H ë s HO H = hoy 
HO——H HO—|—H HO—.—H HO—]|—H Ho—-—H 
CH5O0H CH5O0H CH50H CH30H CHOH 


L-glucose 


24.91. Compound X is a D-aldohexose that can adopt a 
B-pyranose form with only one axial substituent. Recall 
that D-glucose has all substituents in equatorial 
positions, so compound X must be epimeric with D- 
glucose either at C2 (D-mannose), C3 (D-allose), or C4 
(D-galactose). 

Compound X undergoes a Wohl degradation to produce 
an aldopentose, which is converted into an optically 
active alditol when treated with sodium borohydride. 
Therefore, compound X cannot be D-allose, because a 
Wohl degradation of D-allose followed by reduction 
produces an optically inactive alditol (a meso 
compound). 

We conclude that compound X must be either 
D-mannose or D-galactose. 

The identity of compound X can be determined by 
treating compound X with sodium borohydride. 
Reduction of D-mannose should give an optically active 
alditol, while reduction of D-galactose gives an optically 
inactive alditol (a meso compound). 


24.92. 

(a) Compound A is a D-aldopentose. Therefore, there 
are four possible structures to consider (Figure 24.3). 
When treated with sodium borohydride, compound A is 
converted into an alditol that exhibits three signals in its 
PC NMR spectrum. Therefore, compound A must be 
D-ribose or D-xylose both of which are reduced to give 
symmetrical alditols (thus, three signals for five carbon 
atoms). 


When compound A undergoes a Kiliani-Fischer 
synthesis, both products can be treated with nitric acid to 
give optically active aldaric acids. Therefore, compound 
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A cannot be D-ribose, because when D-ribose undergoes 
a Kiliani-Fischer synthesis, one of the products is 
D-allose, which is oxidized to give an optically inactive 
aldaric acid (a meso compound). We conclude that the 
structure of compound A must be D-xylose. 


H «c7 
H OH 
HO H 
H OH 
CH20H 
D-Xylose 


(b) Compound D is expected have six signals in its C 
NMR spectrum, while compound E is expected to have 
only three signals in its ^C NMR spectrum. 


HO, „2O HO, Ze 
OH HO H 
OH H OH 
HO H HO H 
H OH H OH 
uo" >o uo" 3o 
Compound D Compound E 


Chapter 25 
Amino Acids, Peptides, and Proteins 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 25. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e Amino acids in which the two functional groups are separated by exactly one carbon atom are 


called amino acids. 

e Amino acids are coupled together by amide linkages called bonds. 

e Relatively short chains of amino acids are called 

e Only 20 amino acids are abundantly found in proteins, all of Wick are — amino acids, except 
for , Which lacks a chiral center. 

e Amino acids exist puma as at physiological pH. 

e The of an amino acid is the pH at which the concentration of the 
zwitterionic form reaches its maximum value. 

e Peptides are comprised of amino acid joined by peptide bonds. 

e Peptide bonds experience restricted rotation, giving rise to two possible conformations, called 

and . The conformation is generally more stable. 

e Cysteine residues are uniquely capable of being joined to one another via 
bridges. 

e. is commonly used to form peptide bonds. 


e Inthe Merrifield synthesis, a peptide chain is assembled while tethered to 


e The primary structure of a protein is the sequence of 

e The secondary structure of a protein refers to the 

of localized regions of the protein. Two particularly stable 
arrangements are the helix and pleated sheet. 

e The tertiary structure of a protein refers to its 

e Under conditions of mild heating, a protein can unfold, a process called 

e Quaternary structure arises when a protein consists of two or more folded polypeptide une 
called , that aggregate to form one protein complex. 


Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 25. The answers appear in the section entitled SkillBuilder Review. 


25.1 Determining the Predominant Form of an Amino Acid at a Specific pH 


Consider the following amino acid, and draw 
the form that predominates at physiological pH. 


25.2 Using the Amidomalonate Synthesis 


CHAPTER 25 


Identify reagents that will achieve the following transformation: 
O 
eo^ A 


O 
is ER. 
Y] 
O 
»C 


OH 


IZ 


25.3 Drawing a Peptide 


Draw a bond-line 
structure for the 
tripeptide 
Phe-Val-Trp 


25.4 Sequencing a Peptide via Enzymatic Cleavage 


Identify the fragments obtained from enzymatic cleavage of the following peptide: 


Ala-Phe-Lys-Val-Met-Tyr-Gly-Arg-Ser-Trp-Leu-His 


ie d P iid 


25.5 Planning the Synthesis of a Dipeptide 


1155 


Identify all reagents necessary to prepare the dipeptide Ala-Gly: 


Ala Gly 
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25.6 Preparing a Peptide using the Merrifield Synthesis 


Identify all reagents necessary to prepare the pentapeptide Ile-Gly-Leu-Ala-Phe: 


lle Gly Leu Ala Phe 


Boc— Phe)—{ rower } Boc— lle Gly Leu Ala Phe roumer | 


Phe POLYMER —— a Boc— Ala Phe POLYMER 


Review of Reactions 

Identify the reagents necessary to achieve each of the following transformations. To verify that your 
answers are correct, look in your textbook at the end of Chapter 25. The answers appear in the section 
entitled Review of Reactions. 


Analysis of Amino Acids 
O o? O 
H20 
R. COOH OH 
Bd + —— [^ N + CO 
OH 
NH2 
RCHO 
O O O 


Synthesis of Amino Acids 


o 
O o 
rR JL R — Ron 
OH OH 
NH; 
Br 
o o o o O 
— > — R 
Eto OEt Eto OEt OH 
RN NH3 
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N O 
4 I 
Ò HN C 7 HN Cw 
| p — a 
R^ ^H R^ ^H R^ ^H 
O O O 
` OH OH OH 
NHAc NHAc NH2 
Analysis of Amino Acids 
o i S 
PEPTIDE NH > ( PEPTIDE. H 
ae E ^ $ Tai 
H R H 
R 
Synthesis of Peptides 
e ; O 
JI + a$ — , Il 
$ “oH ; " 
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Review of Mechanisms 

Complete each of the following mechanisms by drawing the missing curved arrows. To verify that your 
curved arrows are drawn correctly, compare them to the curved arrows in the mechanism boxes for 
Mechanisms 25.1 — 25.6, which can be found throughout Chapter 25 of your text. 


Mechanism 25.1 Formation of an a-Amino Nitrile 
H H 
Ms Her O Hee 
(6) NH3 -N :Oi H—CI -N :OH  :NHs H2N :OH 
i. TRE 
R H R H R H R H 
ee 
(0) H 
(©) N cA [e] H.G H oe VG 
H3N C. H30* HN c7 N=C: JL -H20 H»N :O—H 
OH 
a H See Section R H R H R H 
20.13 
Mechanism 25.2 The Edman Degradation 
S 
n 
IS) N—Ph 


II S N, 
o N o nd Ph ko s—¢ 


za Ph : 
PEPTIDE NH, —— —— (PEPTIDE NH,  — —e (PEPTIDE) NH 
vom det VA 
H R H R 
S gi 1 
HÖ s— 
=>... 25: 4. Sm UE. oa 


CF4COO —H 
N 
mí H.O* 


Ir- 


Phenylthiohydantoin 
(PTH) derivative 
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Mechanism 25.3 Peptide Bond Formation via DCC 
H, CUR 
o aP o H.@_R o Y 
II II 
glean uc ees len ee 
$^ o n y g: f D N 
^N. UN. 
R Rc R 
NH; 
Oo H, UR H, CUR Proton H, LR 
"s E N Ei ; Je transfers % T 
+ 
N -H T © _H toe 
D 6 2" ra 
LN: “N> 
R p R u^ ^H R 


OH 
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Solutions 


25.1. In each case, the chiral center has the R 
configuration (see SkillBuilder 5.9). 


HO, „2O HO, „2O 

H—}—NH, nnn; 
CH3 CH(CH3) 

D-Alanine D-Valine 


25.2. The structure of each of the following amino acids 
can be found in Table 25.1. 


(a) (b) 


OH 
OH 


O 
" NH» 
H 
[e o 
S 
a hoe A ho 
NH; 


Mechanism 25.6 Removal of an Fmoc Protecting Group 


25.3. 
(a) As seen in Table 25.1, the following amino acids 


exhibit a cyclic structure: proline, 
tryptophan, tyrosine, and histidine. 

(b) As seen in Table 25.1, the following amino acids 
exhibit an aromatic side chain: phenyalanine, tryptophan, 
tyrosine, and histidine. 


phenylalanine, 


(c) As seen in Table 25.1, the following amino acids 
exhibit a side chain with a basic group: arginine, 
histidine, and lysine. 


(d) As seen in Table 25.1, the following amino acids 
exhibit a sulfur atom: methionine and cysteine. 


(e) As seen in Table 25.1, the following amino acids 
exhibit a side chain with an acidic group: aspartic acid 
and glutamic acid. 


(f) As seen in Table 25.1, the following amino acids 
exhibit a side chain containing a proton that will likely 
participate in hydrogen bonding: Pro, Trp, Asn, Gln, 
Ser, Thr, Tyr, Cys, Asp, Glu, Arg, His, and Lys. In 
addition, Met can serve as a hydrogen bond acceptor, 
and can therefore also participate in hydrogen bonding. 


25.4. In each case, we first identify the pKa of the 
carboxylic acid group and determine which form 
predominates. The protonated form (RCOOH) will 
predominate if pH < pKa, while the carboxylate ion will 
predominate if pH > pKa. Next, we identify the pKa of 
the o-amino group and determine which form 
predominates. The protonated form (RNH3*) will 
predominate if pH < pKa, while the uncharged form 
(RNH2) will predominate if pH > pKa. Finally, a similar 
analysis is performed for the side chain (if necessary). 
See Table 25.2 for pKa values. 


(a) (b) 
[9] 
(0) 
no A e oe 
o © 
N 
N, |^H 
H H H 
(c) (d) 
HN 
o9 2 o9 
ON, gu. N 
HO H' ICH H” ICH 
H 
(e) (f) 
[9] [9] [9] 
AX o9 H od o9 
N e e 
SNH ZNS ZNS 
Te H H7 ICH 
H 
25.5. Arginine has a basic side chain, while asparagine 


does not. At a pH of 11, arginine exists predominantly 
in a form in which the side chain is protonated. 
Therefore, it can serve as a proton donor. 


25.6. Tyrosine possesses a phenolic proton which is 
more readily deprotonated because deprotonation forms 
a resonance-stabilized phenolate ion. In contrast, 
deprotonation of the OH group of serine gives an 
alkoxide ion that is not resonance-stabilized. As a result, 
the OH group of tyrosine is more acidic than the OH 
group of serine. 


25.7. 

(a) Aspartic acid has two carboxylic acid groups, so the 
pI of aspartic acid is calculated using the pKa values of 
the two carboxylic acid groups, as shown here (pKa 
values can be found in Table 25.2): 


1.88 + 3. 
pl = ae = 277 
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(b) Leucine does not have an acidic side chain or a basic 
side chain, so the pl of leucine is calculated using the 
pKa value of the carboxylic acid group and the pKa value 
of the ammonium group, as shown here (pKa values can 
be found in Table 25.2): 


prs RES = 598 


(c) Lysine has two ammonium groups, so the pl of lysine 
is calculated using the pK; values of the two ammonium 
groups, as shown here (pKa values can be found in Table 
25.2): 


8.95 + 10.53 
pl = ELAC CDADE = 9.74 


(d) Proline does not have an acidic side chain or a basic 
side chain, so the pI of proline is calculated using the pKa 
value of the carboxylic acid group and the pKa value of 
the ammonium group, as shown here (pKa values can be 
found in Table 25.2): 

1.99 + 10.60 


pl = = 6.30 
2 


25.8. 

(a) The pKa values for carboxylic acid groups (~2-4) are 
significantly lower than the pKa values for ammonium 
groups (~9-10). Aspartic acid has two carboxylic acid 
groups, so it is expected to have the lowest pl. 


(b) The pKa values for carboxylic acid groups (~2-4) are 
significantly lower than the pKa values for ammonium 
groups (~9-10). Glutamic acid has two carboxylic acid 
groups, so it is expected to have the lowest pl. 


25.9. Leucine and isoleucine both exhibit the same pKa 
value for the carboxylic acid group. Similarly, both 
leucine and isoleucine exhibit the same pK; value for the 
amino group. As such, the pl value of leucine is 
expected to be the same as the pI value of isoleucine. 


25.10. The greater the difference between pI and pH, 
the faster an amino acid will migrate. The pI of Phe = 
5.48, the pI of Trp = 6.11, and the pI of Leu = 6.00. 
Using these values, we make the following predictions: 
(a) At pH = 6.0, Phe will travel the farthest distance. 

(b) At pH = 5.0, Trp will travel the farthest distance. 


25.11. The following aldehyde is expected when 
L-leucine is treated with ninhydrin: 
[9] 
Ninhydrin H 
DH» ee bé i 
NH; NaOH o 
Leucine 


+ CO, + HÒ 
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25.12. 
(a) Racemic leucine can be made using a Hell- 


Volhard-Zelinsky reaction, as shown: 


1) Bro 
pea SS 
OH T H20 
)xs NH3 
Peden 


1) Bro, PBr3 
2) H20 YD s NH 
x 3 


(b) Racemic alanine can be made using a Hell-Volhard- 
Zelinsky reaction, as shown: 


(0) 1) Bro, PBr3 Oo 
ee 2) H20 
OH 3) xs NH3 OH 
NH2 
1) Bro, PBr3 (racemic) 


2) H20 re) 
xs NH3 
OH 


(c) Racemic valine can be made using a Hell-Volhard- 
Zelinsky reaction, as shown: 


1) Bro, PBra 
— 
OH 3)xs NH3 OH 
NH2 
1) Bro, PBr3 (racemic) 
2) H20 o 
xs NH3 
OH 
Br 


25.13. In each case, the process is a Hell-Volhard- 
Zelinsky reaction, which installs an amino group at the 
alpha position, giving the following amino acids: 


(a) (b) 


ae COOH 
NH NH» 


Leucine Valine 


(c) (d) 
COOH 
qM HN “COOH 
Phenylalanine Glycine 


25.14. In each case, we begin by identifying the side 
chain connected to the a position. Then, we identify the 
necessary alkyl halide and ensure that it is not tertiary 
(because a tertiary alkyl halide will not undergo an Sn2 
reaction). An amidomalonate synthesis is performed 
using acetamidomalonate as the starting material, which 
is first treated with sodium ethoxide. The resulting 
conjugate base (a doubly stabilized enolate) is then 
treated with the alkyl halide, followed by hydrolysis with 
aqueous acid and heat, to give the desired amino acid. 
Note that the final step employs acidic conditions, so the 
amino group of the resulting amino acid is protonated. 
Highlighted below are the alpha carbon and the carbonyl 
carbon in the acetamidomalonate starting material that 
remain in the product (after decarboxylation and 


deprotection): 
BRMSOER:.. c 


3) E^ x 


JIDHNSQET -o 
2 ETT 


Ad. 
Ne 
MY | 
Asi Ad. 
FU auo Jw 


25.15. 

(a) Alanine is obtained when methyl iodide is used as 
the alkyl halide in an amidomalonate synthesis. The 
methyl group (from methyl iodide) is highlighted in the 
product: 


(b) Valine is obtained when isopropyl chloride is used as 
the alkyl halide in an amidomalonate synthesis. The 
isopropyl group (from isopropyl chloride) is highlighted 
in the product: 

(0) 


NH3 
e 


(c) Leucine is obtained when 2-methyl-1-chloropropane 
is used as the alkyl halide in an amidomalonate 
synthesis. The alkyl group (from the alkyl chloride) is 
highlighted in the product: 

(0) 


OH 
NH 
© 3 


25.16. Leucine can be prepared via the amidomalonate 
synthesis with higher yields than isoleucine, because 
leucine requires an Sn2 reaction with a primary alkyl 
halide, while isoleucine requires an Sn2 reaction with a 
secondary (more hindered) alkyl halide. 


25.17. 
(a) Methionine can be prepared from the aldehyde 
below via a Strecker synthesis, as shown: 


O 1) NH4CI, NaCN 


ee 2) H30* 


(b) Histidine can be prepared from the aldehyde below 
via a Strecker synthesis, as shown: 


(di 
N H 


1) NH4CI, NaCN 


2) H30* 
o 
aa 
N 


\ NH NH 
Ne o 
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(c) Phenylalanine can be prepared from the aldehyde 
below via a Strecker synthesis, as shown: 


Li, 


1) NH4CI, NaCN 


2) H30* 
NH3 


e 


(0) 


OH 


(d) Leucine can be prepared from the aldehyde below via 
a Strecker synthesis, as shown: 
| (0) 


pu 

H 
NH3 
e 


1) NH4CI, NaCN 


2) H30* 


OH 


25.18. 
(a) Acetaldehyde is converted into a racemic mixture of 
alanine (via a Strecker synthesis), as shown: 


1) NH4CI, NaCN O 
———— ——- ke 
HC ~H Hot OH 
NH 
& 3 
Alanine 


(b) 3-Methylbutanal is converted into a racemic mixture 
of leucine (via a Strecker synthesis), as shown: 


NaCN T 
———————- 
H = 2) H3,0* OH 
NH3 
© 
Leucine 


(c) 2-Methylpropanal is converted into a racemic mixture 
of valine (via a Strecker synthesis), as shown: 


oO O 


1) NH4CI, NaCN 
—— M» 


Y^ 2) H40* Ao 
NH 
© 3 


Valine 


1164 CHAPTER 25 


25.19. 
(a) L-Alanine can be prepared from the following 
compound via an asymmetric catalytic hydrogenation: 


Ó 


HC 
d OH 


NHAc 


(b) L-Valine can be prepared from the compound below 
via an asymmetric catalytic hydrogenation: 


(c) L-Leucine can be prepared from the compound below 
via an asymmetric catalytic hydrogenation: 


(0) 


^x OH 
NHAc 


(d) L-Tyrosine can be prepared from the compound 
below via an asymmetric catalytic hydrogenation: 


Ó 


S OH 
NHAc 


NHAc Hg 
25.20. Glycine does not possess a chiral center, so the 
use of a chiral catalyst is unnecessary. Also, there is no 
alkene that would lead to glycine upon hydrogenation. 


25.21. For each of the following peptides, the N terminus is drawn on the left and the C terminus on the right. Side 
chains at the top of the drawing are on wedges, while side chains on the bottom of the drawing are on dashes. The 
identity of each side chain can be found in Table 25.1. 


(a) Leu-Ala-Gly (b) Cys-Asp-Ala-Gly 


HS 
o o 
o H H 
H N N 
N OH HN < CN OH 
HN "d H 
H o o 


o O XcooH 


(c) Met-Lys-His-Tyr-Ser-Phe-Val 


H H H 
NAL N N OH 
H2N N N N 


25.23. The two cysteine residues clearly have the same 
mass, and the last residues (leucine and isoleucine) are 
isomeric. So, because tyrosine has an alcohol group that 
phenylalanine lacks, the first peptide has a higher 
molecular weight. The first peptide (Cys-Tyr-Leu) is 
expected to have a higher molecular weight, because the 
amino acid residues have larger side chains (see Table 
25.1). 


25.22. Based on the identities of side chains (see Table 
25.1), this peptide has the following sequence: 


Leu-Ala-Phe-Cys-Asp 


This sequence can be summarized with the following 
one-letter abbreviations: 


LAFCD 


25.24. These peptides have the same molecular formula 
but they differ from each other in their connectivity of 
atoms (or constitution). As such, they are constitutional 
isomers. 


25.25. The following is the s-trans conformation of the 
dipeptide Phe-Leu. Notice that the N terminus is on the 
left, while the C terminus is on the right, as per accepted 
convention. Also notice that the side chain at the top of 
the drawing is on a wedge, while the side chain at the 
bottom of the drawing is on a dash (see SkillBuilder 
25.3). 


O ; 
H xir C terminus 
HN Í OH 
N terminus (e) d 
25.26. The following is the s-cis conformation of the 


dipeptide Phe-Phe. In this conformation, the phenyl 
groups will experience a severe steric interaction, 
thereby causing the s-cis conformation to be extremely 
high in energy: 


OH 


HoN O 


25.27. Two equivalents of the Cys-Phe dipeptide are 
drawn, and they are then connected by a disulfide bridge, 
as shown: 


ò 
HN S OH 


N 
a, Wir we 
i: 
S 
i9) 
S 
N 
HN < `OH 
O ~O 
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25.28. 

(a) Below is the structure of aspartame (Asp-Phe-OCH3). 
Notice that the N terminus is on the left, while the C 
terminus is on the right, as per accepted convention. In 
this case, the C terminus is a methyl ester (rather than a 
carboxylic acid). Also notice that the side chain at the 
top of the drawing is on a wedge, while the side chain at 
the bottom of the drawing is on a dash (see SkillBuilder 
25.3). 


HOOC 


(b) The compound above has two chiral centers, giving 
rise to a total of four possible stereoisomers. The 
structure above represents one of these stereoisomers, 
with both amino acids having the naturally occurring L 
configuration. The other three stereoisomers, having a 
bitter taste, are shown here: 


(D-Asp and L-Phe) 


(L-Asp and D-Phe) 


(D-Asp and D-Phe) 
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25.29. In the following structure, each of the amino acid residues has been highlighted and labeled: 


D-Glutamic Not listed in Table 25.1 
acid 
L-Leucine L-Isoleucine 
L-Lysine 
Pau 
O ie O : 
H H S 
s N N O 
HN \ N N 3 N 
H H 3 H 
N Ó (6) 
HN 
| sig L-Isoleucine 
(6) HN o 
Not listed in Table 25.1 
a o NH 
ng 
HN NH 


HN 
H O 
N 
e : 
E D-Phenylalanine 


L-Asparagine HO o 
parag xd 7" NH 


Bacitracin A 
D-Aspartic L-Histidine 
acid 


25.30. An Edman degradation will remove the amino acid residue at the N terminus, and Ala is the N terminus in 
Ala-Phe-Val. Therefore, alanine is removed, giving the following PTH derivative: 


25.31. Only one of the trypsin fragments has a C terminus that is not arginine or lysine. This fragment, which ends 
with valine, must be the last fragment in the peptide sequence. The remaining three trypsin fragments can be placed in 
the proper order by analyzing the chymotrypsin fragments. The correct peptide sequence is: 


Met-Phe-Val-Ala-Tyr-Lys-Ser-Val-Ile-Leu-Arg-Trp-His-Phe-Met-Cys-Arg-Gly-Pro-Phe-Ala-Val 


25.32. The following tetrapeptide will be cleaved by chymotrypsin to give Ala-Phe and Val-Lys: 


Ala-Phe-Val-Lys 


25.33. Cleavage with trypsin will produce Phe-Arg, while cleavage with chymotrypsin will produce Arg-Phe. These 
dipeptides are not the same. They are constitutional isomers. 
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25.34. 
(a) We begin by installing the appropriate protecting groups. Then, upon treatment with DCC, the protected amino 
acids are coupled. And finally, the protecting groups are removed, as shown: 


(Boc),0 
Tp) ————> Trp 
AN CFCOOH — 
E Trp — Met lochs Trp —-Met 
— (3 Hood = “2)NaOH,H;O P. Me 
[H] 
Met) — 7 res] 
CH4OH 


(b) We begin by installing the appropriate protecting groups. Then, upon treatment with DCC, the protected amino 
acids are coupled. And finally, the protecting groups are removed, as shown: 


(Boc)s0 
Ala | —————> Ala 


pcc 1) CF3COOH 
> Bocj- Ala—-Ile—OCH3 Fe Pea a ANE Ala—- Īle 
2) NaOH, H2O 


[H*] 
CH3OH 


(c) We begin by installing the appropriate protecting groups. Then, upon treatment with DCC, the protected amino 
acids are coupled. And finally, the protecting groups are removed, as shown: 


(Boc),0 


Leu» —————> [Boot cie 
AO — _1)CF3COOH —— 
eu— Va H Leu= Val 
‘oct “NaOH Ho) Cea 
[H] 
Val — t Hess 
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25.35. The first two amino acid residues (in the desired peptide sequence) are Ile and Phe. So we must begin with 
those amino acids. We first install the appropriate protecting groups. Then, upon treatment with DCC, the protected 
amino acids are coupled. The protecting group at the C terminus is then removed and the resulting unprotected 
C terminus is coupled with the appropriate protected amino acid (glycine, protected at the C terminus), using DCC. 
And finally, the protecting groups are removed, as shown: 


(Boc)20 


le) —— ——- Ile 
DCC 
Boc;—Ile—-Phe-4OCHs3 
ul NaOH, H;O 


CH3OH 
[god Ces Phe 
pcc | (aly 


1) CF3COOH 
Ile--Phe--Gly Boci-- Ile —-Phe--Gly -- OCH3 
2) NaOH, H20 
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25.36. The first two amino acid residues (in the desired peptide sequence) are Leu and Val. So we must begin with 
those amino acids. We first install the appropriate protecting groups. Then, upon treatment with DCC, the protected 
amino acids are coupled. The protecting group at the C terminus is then removed and the resulting unprotected C 
terminus is coupled with the appropriate protected amino acid, using DCC. Each additional residue is installed via 
deprotection of the C terminus followed by coupling with the appropriate protected amino acid, as shown. Finally, the 
protecting groups are removed, giving the desired pentapeptide: 


(Boc)20 


leu — — Leu 
[H*] 
Val | —————- Hes) NaOH, H20 


CH40H 
os 
DCC | (Phe 


1) NaOH, H20 

[Bos eut va Prec Boc3-Leu-- Val — Phe T1 OCH3 
2 

1) NaOH, H20 DCC 


2 


DCC 


Boc! 1) CF3COOH ! ! 
Boc4-Leu-- Val —Phe—Ile— Ala —7 OCH > Leu-- Val —Phe—Ile—Ala 
2) NaOH, HO 
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25.37. 
(a) First, we attach the appropriate Boc-protected residue to the polymer, starting with the amino acid residue that 


corresponds to the C terminus of the target peptide: 


o 
NEN 
o 

Boc^ N 
oc H [9] o 
Nph N JL 

CI ^Y POLYMER » Boc^ ^v^ "O^ N POLYMER 

ph 


Then, the Boc protecting group is removed and a new peptide bond is formed with a Boc-protected amino acid, using 
DCC. This two-step process (removal of the Boc protecting group, followed by peptide bond formation) is then 
repeated to install each additional residue, until the desired sequence has been assembled. Finally, the Boc protecting 
group is removed and the desired peptide is detached from the polymer, as shown: 


1) CF3COOH 
Boc>Phe POLYMER = Val —Phe-—- POLYMER 
2) 
Boc;— Val 
1) CF3COOH 


DCC 2) 


DCC 


1) CF3COOH 
Boc+Phe—Leu— Val — Phe —— POLYMER «— | Boc3:Leu— Val — Phe -—- POLYMER 
2) 
Boc Phe 


1) CFCOOH DCC 
2) HF 


Phe--Leu—- Val — Phe 


(b) First, we attach the appropriate Boc-protected residue to the polymer, starting with the amino acid residue that 
corresponds to the C terminus of the target peptide: 


POLYMER 


gie s POLYMER > 


Then, the Boc protecting group is removed and a new peptide bond is formed with a Boc-protected amino acid, using 
DCC. This two-step process (removal of the Boc protecting group, followed by peptide bond formation) is then 
repeated to install each additional residue, until the desired sequence has been assembled. Finally, the Boc protecting 
group is removed and the desired peptide is detached from the polymer, as shown: 


[Boc] Cate} POLYMER 
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1) CF3;COOH 
» Leu--Ile——- POLYMER 
2) 
Boc>~Leu 
1) CF3COOH 
DCC 2) 
Boc4- Val 
DCC 


1) CF;COOH 


POLYMER 


Boc} Ala —- Val — Leu-- Ile 


—————————— Val —Leu-- Ile POLYMER 


2) 
Boc4- Ala 


1) CFJCOOH 
2) HF 


Ala — Val —Leu—— Ile 


DCC 


25.38. First, a protected phenylalanine residue is connected to the polymer. After deprotection, a protected alanine 
residue is installed. Then, after deprotection again, a protected valine residue is installed. Deprotection, followed by 


detachment from the polymer, gives the following tripeptide: 


(N terminus) 


Val-Ala-Phe 


(C terminus) 


25.39. The regions that contain repeating glycine and/or alanine units are the most likely regions to form f sheets: 


Trp-His-Pro-Ala-Gly-Gly-Ala-Val-His-Cyst- Asp-Ser-Arg-Arg-Ala-Gly-Ala-Phe 


25.40. In each case, the carboxylic acid group is drawn 
in its deprotonated form (as a carboxylate ion), and the 
amino group is drawn in its protonated form (as an 
ammonium ion): 


(a) (b) 
le O 
e 
o? | o 
NS DN 
H^ ICH N' H^I^H 
H H H 
(c) (d) 
O e le 
© 
HN o? o 
H^I^H |^H 
H H 


25.41. When applying the Cahn-Ingold-Prelog conven- 
tion for assigning the configuration of a chiral center, the 
amino group generally receives the highest priority (1), 
followed by the carboxylic acid group (2), followed by 
the side chain (3), and finally the H (4). Accordingly, 
the S configuration is assigned to L amino acids. 


Cysteine is the one exception because the sulfur atom 
makes the side chain a higher priority than the carboxylic 
acid group. As a result, the R configuration is assigned. 


25.42. 

(a) L-threonine has two chiral centers (see Table 25.1). 
The configuration of each of these chiral centers is 
shown in the following Fischer projection: 


HO, 20 
HN H 
H—— oH 
Cha 


(b) L-Serine has only one chiral center (see Table 25.1). 
The configuration of this chiral center is shown in the 
following Fischer projection: 


HO, 20 


HN 
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(c) L-Phenylalanine has only one chiral center (see Table 
25.1). The configuration of this chiral center is shown in 
the following Fischer projection: 


HOW 20 
HN H 
CH;Ph 


(d) L-Asparagine has only one chiral center (see Table 
25.1). The configuration of this chiral center is shown in 
the following Fischer projection: 


HO. 20 
Hn 
CH;CONH» 


25.43. 
(a) Isoleucine and threonine each have two chiral centers 
(see Table 25.1). 


(b) The Cahn-Ingold Prelog convention (SkillBuilder 
5.4) gives the following configurations: 


Isoleucine = 2S, 3S 
Threonine = 2S, 3R 
25.44. Isoleucine has two chiral centers, so we expect 


four possible stereoisomers, shown here. The 
configuration of each chiral center is shown. 


NH2 NH2 

= D fe) 

5 R R 

Sy “OH RN `OH 
NH2 NH2 


25.45. Protonation of the highlighted nitrogen atom 
gives a conjugate acid that is highly stabilized by 
resonance (the positive charge is highly delocalized). 


Cm H.O,H H, H 
NH Noe Nyc 
JU : TIE Ney N 
- n JR a R 
T Nee rau 
a H H H 
T 
' 
METAL Hag" 
HAR H. NQR 
hoe S | 
H H H H 


25.46. The protonated form below is aromatic. In 
contrast, protonation of the other nitrogen atom in the 
ring would result in loss of aromatic stabilization. 


= OH Acid 6 / OH 


0 * H-N 


\-NH NB, 


25.47. In each case, we first identify the pKa of the 
carboxylic acid group and determine which form 
predominates. The protonated form (RCOOH) will 
predominate if pH < pKa, while the carboxylate ion will 
predominate if pH > pKa. Next, we identify the pKa of 
the o-amino group and determine which form 
predominates. The protonated form (RNH3*) will 
predominate if pH < pKa, while the uncharged form 
(RNHz2) will predominate if pH > pKa. Finally, a similar 
analysis is performed for the side chain (if necessary). 
See Table 25.2 for pKa values. 


(a) (b) 
O O O O 
SN. SANE 
HI ICH H^1^H 
H H 


(c) (d) 
O O Oo o 
eo n oe ed o ge 
ONS 
H” ICH NS 
H H H 


25.48. At physiological pH, each of the carboxylic acid 
groups is deprotonated (and will exist primarily as a 
carboxylate ion), while each of the amino groups is 
protonated (and will exist primarily as an ammonium 


ion): 
(a) (b) 
= 0 o 
z o © 
s 0 
„NÊ ‘i | Ne 
H^I^H D HICH 
(c) (d) 
fe) fe) [9] Ò 
© © 
an pe ohh 
ON, ON. 
H^ ICH H^I^H 
H 
25.49. 


(a) L-Alanine does not have an acidic side chain or a 
basic side chain, so the pI of L-alanine is calculated 
using the pKa value of the carboxylic acid group and the 


pKa value of the ammonium group, as shown here (pKa 
values can be found in Table 25.2): 


2.34 + 9. 
pl = ar aaa = 6.02 


(b) L-Asparagine does not have an acidic side chain or a 
basic side chain, so the pI of L-asparagine is calculated 
using the pKa value of the carboxylic acid group and the 
pKa value of the ammonium group, as shown here (pKa 
values can be found in Table 25.2): 


pres SS = 541 


(c) L-Histidine has a basic side chain. As such, the pI of 
L-histidine is calculated using the pKa values of the two 
ammonium groups, as shown here (pKa values can be 
found in Table 25.2): 


9.17 + 6.00 
pl = ee E 7.58 


(d) L-Glutamic acid has two carboxylic acid groups, so 
the pI of L-glutamic acid is calculated using the pKa 
values of the two carboxylic acid groups, as shown here 
(pKa values can be found in Table 25.2): 


2.19 + 4.25 
pl = ET = 322 


25.50. Lysozyme is likely to be comprised primarily of 
amino acid residues that contain basic side chains 
(arginine, histidine, and lysine), while pepsin is 
comprised primarily of amino acid residues that contain 
acidic side chains (aspartic acid and glutamic acid). 


25.51. First, we must calculate the pI for each amino 
acid (using the procedure shown in the solution to 
Problem 25.49). Next, we identify the pKa of the 
carboxylic acid group and determine which form 
predominates. The protonated form (RCOOH) will 
predominate if pI < pKa, while the carboxylate ion will 
predominate if pI > pKa. 

Then, we identify the pKa of the a-amino group and 
determine which form predominates. The protonated 
form (RNH3*) will predominate if pI < pKa, while the 
uncharged form (RNH») will predominate if pI > pKa. 
Finally, a similar analysis is performed for the side chain 
(if necessary). See Table 25.2 for pKa values. 


(a) (b) 
[e [e [e 
e 
c nee? o 
ON On 
H^ IOCH H^1^H 
H 
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(c) (d) 
(0) OH O 
or Ag o 
NS PN. 
|^H FEST 
25.52. | Under strongly basic conditions (NaOH), the 


carboxylic acid group exists as a carboxylate ion. 

Under these conditions, the œ position can be 
deprotonated, giving a resonance-stabilized enolate that 
is a dianion. This enolate can be protonated by water (at 
the a position), thereby regenerating the carboxylate ion. 
In the process, racemization occurs at the a position 
because the a position is sp? hybridized (trigonal planar) 
in the dianion intermediate. Protonation of the dianion 
can occur on either face of the plane (with equal 
likelihood), giving a racemic mixture. 


Sot? 


R HN R 


(planar) 


Racemic mixture 


25.53. The greater the difference between pI and pH, 
the faster an amino acid will migrate. The pI of Gly = 
5.97, the pI of Gln = 5.65, and the pI of Asn = 5.41. 
Using these values, we make the following predictions: 
(a) At pH = 6.0, Asn will travel the farthest distance. 

(b) At pH = 5.0, Gly will travel the farthest distance. 


25.54. When treated with ninhydrin, the carboxylic acid 
group (connected to the a position) and the amino group 
(connected to the a position) are both removed, and the 
a position becomes an aldehyde group, giving the 
following products: 


(a) (b) 
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(c) 
(3. 
H 
(d) Ninhydrin does not react with proline because the 
amino group is not a primary amine. 


25.55. 

(a) When treated with ninhydrin, each of the amino acids 
(except proline) is converted into an aldehyde with 
complete removal of the carboxylic acid group and the 
amino group (that are connected to the a position). 
Therefore, the identity of each aldehyde indicates the 
side chain of the corresponding amino acid from which it 
was made (see Table 25.1). This analysis reveals that the 
starting mixture must have contained methionine, valine, 
and glycine. 


(b) The following purple product is obtained whenever 
ninhydrin reacts with an amino acid (except for proline). 


o9 [e 
DOS 
O fe) 


(c) The compound is highly conjugated and has a max 
that is greater than 400 nm (see Section 16.12) 


25.56. Valine can be made from the following aldehyde 
(via a Strecker synthesis), as shown: 


1) NH4CI, NaCN 1 
a 
H 2)Hs0* OH 
NH3 
e 


25.57. Alanine can be prepared via the amidomalonate 
synthesis with higher yields than valine, because the 
former requires an Sn2 reaction with a primary alkyl 
halide, while the latter requires an Sn2 reaction with a 
secondary (more hindered) alkyl halide. 


25.58. Glycine has no side chain. Therefore, no alkyl 
group needs to be installed at the a position and its 
preparation via the amidomalonate synthesis would not 
be reasonable. The goal of a synthesis is to begin with a 
starting material that is simpler than the product, but in 
this case the starting material would be significantly 
more complex than the product, as shown below. The 
alpha carbon and the carbonyl carbon in the 
acetamidomalonate starting material that remain in the 
product (after decarboxylation and deprotection) have 
been highlighted: 


25.59. 

(a) The reagents indicate a Hell-Volhard-Zelinsky 
reaction (thereby installing a bromine atom at the a 
position), followed by an Sn2 reaction (thereby replacing 
the bromine atom with an amino group). The product is 
a racemic amino acid (phenylalanine), as shown: 


Oo 
1) Bro, 
OH PBrs OH 
——— 

2) H20 NH3 

3) xs NH3 
1) Bro, PBr3 D xS NH3 

2) H20 OH 


Br 


(b) The reagents indicate a Strecker synthesis, giving a 
racemic amino acid (phenylalanine), as shown: 


QT 


1) NH4CI, NaCN 


2) H40* 


NH3 
e 


(0) 


OH 


(c) The reagents indicate an amidomalonate synthesis, 
giving a racemic amino acid (alanine), as shown. The 
alpha carbon and the carbonyl carbon in the 
acetamidomalonate starting material that remain in the 
product (after decarboxylation and deprotection) have 
been highlighted: 


o o 5 
EtO OEt 1) NaOEt Ao 
2) CHsl 
-N 7 
H E 3) H4O*, heat NH3 


25.60. 

(a) Racemic valine can be made from the corresponding 
carboxylic acid using a Hell-Volhard-Zelinsky reaction, 
as shown: 


ò ò 
oh a 1) Bro, PBra 
OH" eiie — OH 


2) H20 
3) xs NH3 NH; 
(racemic) 
1) Bro, PBr3 
2) H2O 
O xs NH3 
OH 
Br 


(b) Racemic valine can be made from acetamidomalo- 
nate using an amidomalonate synthesis, as shown. The 
alpha carbon and the carbonyl carbon in the starting 
material that remain in the product (after decarboxylation 
and deprotection) have been highlighted: 


1) NaOEt 


fed 
Br 


3) H3O*, heat 


Eto OEt 


OH 
s 


(c) Racemic valine can be made from 2-methylpropanal 
using a Strecker synthesis, as shown: 


1) NH4CI, NaCN NH4CI, NaCN 


2) ET GG OH 
NH3 
e 


25.61. A pentapeptide has five amino acid residues, 
each of which can be any of the 20 naturally occurring 
amino acids. Therefore, there are 20x20x20x20x20 = 
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205 = 3,200,000 possible pentapeptides that can be made 
from the naturally occurring amino acids! 


25.62. L-Histidine can be prepared from the compound 
below via an asymmetric catalytic hydrogenation: 


[9] 
y^ 7X OH 
N 
N-—NH  NHAc 
25.63. | Below are the six possible sequences for a 
tripeptide containing L-leucine, L-methionine, and 
L-valine: 


1) Leu-Met-Val 
2) Leu-Val-Met 
3) Met-Val-Leu 
4) Met-Leu-Val 
5) Val-Met-Leu 
6) Val-Leu-Met 


25.64. The N terminus of the tripeptide Asp-Lys-Phe is 
drawn on the left and the C terminus on the right. Side 
chains at the top of the drawing are on wedges, while 
side chains on the bottom of the drawing are on dashes. 
The identity of each side chain can be found in Table 
25.1. 

At physiological pH, the amino groups exist primarily in 
their protonated form (ammonium ions) while the 
carboxylic acid groups exist primarily in their 
deprotonated form (carboxylate ions): 


o 
e 
o o 
H 
N AL. p" 
HN < 5N 
® ; N 


25.65. The N terminus is drawn on the left and the C terminus on the right. Side chains at the top of the drawing are 
on wedges, while side chains on the bottom of the drawing are on dashes. The identity of each side chain can be found 


in Table 25.1. 


HN Z OH 


H o i 
N N 
HN : N 
H 


Trp-Val-Ser-Met-Gly-Glu 


N Terminus 


C Terminus 
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25.66. The N terminus is drawn on the left and the C terminus on the right. Side chains at the top of the drawing are 
on wedges, while side chains on the bottom of the drawing are on dashes. The identity of each side chain can be found 


in Table 25.1. 
HO 
S 


HN 

H 

e e O 
Tyr-Gly-Gly-Phe-Met Bp 


25.67. The structure of aspartame (Asp-Phe-OCH5) is shown in the solution to Problem 25.28. At physiological pH, 
the carboxylic acid group is deprotonated (and will exist primarily as a carboxylate ion), while the amino group is 


protonated (and will exist primarily as an ammonium ion): 


25.68. The following retrosynthetic analysis reveals the two amino acids (cysteine and valine) that are most likely 


utilized during the biosynthesis of penicillin antibiotics: 


fi 
H3N SH 
R-N S 
| ; N LUKE => o + 
(0) t OH HN 
LOH cysteine 
i9) G OH 


valine 


25.69. The following retrosynthetic analysis reveals the three amino acids (tyrosine, serine, and glycine) that are 


necessary for biosynthesis of the fluorophore: 


HO 
HO 
H tyrosine O 
HN 
TES. o = OH 
| + 
aN N O 
HN HN 
zl 2 OH 2 
HO ie] R 
HO Ó OH 
glycine 


serine 


25.70. If a tripeptide does not react with phenyl 
isothiocyanate, then it must not have a free N terminus. 
It must be a cyclic tripeptide. Below are the two possible 
cyclic tripeptides: 


Gly Gly 


25.71. 

(a) Trypsin catalyzes the hydrolysis of the peptide bond 
at the carboxyl side of arginine, giving the following two 
fragments: 


Arg +  Val-Pro-Gly-Phe-Ser-Pro-Phe-Arg 


(b) Chymotrypsin catalyzes the hydrolysis of the peptide 
bonds at the carboxyl side of phenylalanine, giving the 
following three fragments: 


Arg-Val-Pro-Gly-Phe + Ser-Pro-Phe + Arg 


25.72. The R group (highlighted) in the PTH derivative 
indicates the identity of the N-terminal residue. Since 
this R group is a benzylic group (—CH2Ph), the N- 
terminal residue must be phenylalanine. 


25.73. The first Edman degradation indicates that the 
N-terminal residue is valine (the R group is isopropyl). 
The second Edman degradation indicates that the N- 
terminal residue of the dipeptide is alanine. And finally, 
the remaining amino acid (glycine) must be at the 
C terminus of the tripeptide. In summary, the tripeptide 
is Val-Ala-Gly, drawn here: 


H 
N OH 
HoN NUM 
H 


25.74. Only one of the trypsin fragments has a 
C terminus that is not arginine or lysine. This fragment 
(which ends with threonine), must be the last fragment in 
the peptide sequence. The remaining three trypsin 
fragments can be placed in the proper order by analyzing 
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the chymotrypsin fragments. 
sequence is: 


The correct peptide 


His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys- 
Tyr-Leu-Asp-Ser-Arg-Arg-Ala-Gln-Asp-Phe-Val-Gln- 
Trp-Leu-Met-Asn-Thr 


There cannot be any disulfide bridges in this peptide, 
because it has no cysteine residues, and only cysteine 
residues form disulfide bridges. 


25.75. Prior to acetylation, the nitrogen atom of the 
amino group is sufficiently nucleophilic to attack phenyl 
isothiocyanate. Acetylation converts the amino group 
into an amide group, and the lone pair of the nitrogen 
atom is delocalized via resonance, rendering it much less 
nucleophilic. 


25.76. 

(a) When treated with acid and methanol, the carboxylic 
acid group is converted into a methyl ester (via a Fischer 
esterification process), and the amino group is 
protonated, giving the following compound: 


e o 
H3N E 


(0) 
(b) When treated with di-tert-butyl dicarbonate, (Boc)20, 


the amino group is protected with a Boc protecting 
group, giving the following product: 


LÅN - 


(c) Under basic conditions, the amino group is not 
protonated, and the carboxylic acid group is 
deprotonated, giving a carboxylate ion: 


Boc, OH 


IZ 


Oo 


H2N 


(d) Under acidic conditions, the amino group is 
protonated to give an ammonium ion, and the carboxylic 
acid group will be in its protonated form: 


© OH 
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25.77. We begin by installing the appropriate protecting groups. Then, upon treatment with DCC, the protected amino 


acids are coupled. And finally, the protecting groups are removed, as shown: 


(Boc),0 
Phe) —————> Phe 
DCC 
Bocj-Phe--Ala -1OCHs 


1) CF;COOH 
2) NaOH, H5O 


[H*] 
Phe—Ala 


25.78. When a mixture of L-phenylalanine and L-alanine is treated with DCC, there are four possible dipeptides: 
1) Phe-Ala, or 2) Ala-Phe, or 3) Phe-Phe, or 4) Ala-Ala. These four possibilities are drawn below: 


H 
N eee N 
: OH HoN : 
O CH 


25.79. We begin by installing the appropriate protecting groups. Then, upon treatment with DCC, the protected amino 


acids are coupled. And finally, the protecting groups are removed, as shown: 


(Boc);O 
Phe-—lle | — ——*- Boc4-Phe — lle 
DCC 
Boc Phe- Ile Val ——Leu-? OCH4 


1) CFsCOOH 


[H*] 
T Val —-Leu 
2) NaOH, H5O 


Phe--Ile— Val —-Leu 
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25.80. First, we attach the appropriate Boc-protected residue to the polymer: 


Boc : 
: nO 
Gr S Boc^ or Ww 


POLYMER = POLYMER 


Then, the Boc protecting group is removed and a new peptide bond is formed with a Boc-protected amino acid (valine), 
using DCC. This two-step process (removal of the Boc protecting group, followed by peptide bond formation) is then 
repeated to install the leucine residue. Finally, the Boc protecting group is removed and the desired tripeptide is 
detached from the polymer, as shown: 


1) CF3COOH 
Boc Ala POLYMER pu Val — Ala —— POLYMER 
2) 
Boc1— Val 
1) CF3COOH 


DCC 2) 
Boci- Leu 


DCC 


1) CF3;COOH 
Leu— Val —— Ala < Boc Leu = Val — Ala ——- POLYMER 
2) HF 


25.81. During a Merrifield synthesis, the C terminus of the growing peptide chain remains anchored to the polymer. 
The C terminus of the desired peptide (leucine enkephalin, Tyr-Gly-Gly-Phe-Leu) is occupied by a leucine residue. 
Therefore, the following Boc-protected amino acid (Boc-Leu) must be anchored to the polymer in order to prepare 
leucine enkephalin via a Merrifield synthesis: 


25.82. A proline residue cannot be part of an a helix, because it lacks an N-H proton and does not participate in 
hydrogen bonding. (The amino acid proline does indeed have an N-H group, but when incorporated into a peptide, the 
proline residue does not have an N-H group) 
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25.83. The amino group attacks one of the carbonyl groups of DCC, giving a tetrahedral intermediate. The carbonyl 
group is then reformed upon expulsion of a resonance-stabilized leaving group. The resulting cation is then 


deprotonated to give the product: 


25.84. The correct answer is (d). At physiological pH, a carboxylic acid group is expected to exist predominantly as a 
carboxylate ion, and the amino group is expected to exist primarily as an ammonium ion: 


(0) 


N~ 
Qi H 
H 


25.85. The correct answer is (c). The compound is constructed from five amino acid residues, as highlighted below, 


and is therefore a pentapeptide: 
[9] 
HO OH H o OH 
A AS AU o 
HN : N : N 
e B | = l 
pees o) ^ f 
SH 


25.86. The correct answer is (c). Serine does not have an acidic side chain or a basic side chain, so the pI of serine is 
calculated by finding the average of the pKa value of the carboxylic acid group and the pKa value of the ammonium 


group, as shown here: 
2.21 * 9.15 
pl = —— —— - 5.68 
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25.87. The correct answer is (b). Two amino acids are linked together by forming an amide. The lone pair on the 
nitrogen atom of an amide is adjacent to a x bond and, therefore, is delocalized by resonance. Because of this 
resonance, the peptide bond has substantial double-bond character. The carbonyl carbon and the nitrogen atom of the 
amide group are both sp? hybridized, making the six atoms highlighted below coplanar: 


-T Me 
co R QT. R 
HN A. OH HN OH 
N s No 
| | 
R H [e R H [e 


25.88. The correct answer is (a). The Boc group (tert-butoxycarbonyl) is a protecting group for amines, so Boc-glycine 
has a protected amino group and a reactive carboxylic acid group. The phenylalanine has the opposite reactivity: the 
carboxylic acid is protected as a methyl ester, and the amino group is reactive. The two protected amino acids could be 
coupled with the help of DCC to prepare a protected dipeptide: 


Ph Ph 


[9] 
H 
AN AL. 4 H. OMe DCC > JN. AL. OMe 
oc OH N N 


H (0) H i9) 


Phenylalanine 


Bee Glycine methyl ester 


Boc-Gly-Phe-OMe 


25.89. The following alkyl halide would be necessary in order to prepare tyrosine via an amidomalonate synthesis. 
This starting material possesses both a nucleophilic center (the OH group) as well as an electrophilic center (it is a 
primary benzylic bromide). As such, the molecules can react with each other via an Sn2 process, thereby forming the 
polymer shown: 


25.90. The stabilized enolate ion (formed in the first step) can function as a base, rather than a nucleophile, giving an 


E2 reaction: 
TUE oe 
Oo. Br 
:OEt O T OG 
p 
EtO” Qr "Okt 


UN 
RS 


Y i9) 


25.91. The lone pair on that nitrogen atom is highly delocalized via resonance and is participating in aromaticity. 
Accordingly, the lone pair is not available to function as a base. 
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25.92. 

(a) The Hell-Volhard-Zelinsky reaction will install a 
bromine atom at the a position of a carboxylic acid. 
This bromine atom can then be replaced with an amino 
group via an Sw2 process. As such, the following 
carboxylic acid is necessary in order to prepare tyrosine 
via a Hell-Volhard-Zelinsky reaction: 


(0) 
OH 
HO 


(b) The aromatic ring is highly activated toward 
electrophilic aromatic substitution, as a result of the 
presence of the OH group, which is an ortho-para 
director (as seen in Chapter 18). Therefore, the ring can 
undergo bromination in the two positions that are ortho 
to the OH group (the para position is already occupied), 
giving the following product: 


Br 
OH 


HO (CgHgBr203) 
Br 


25.93. At low temperature, the barrier to rotation about 
the amide bond keeps the two methyl groups in different 
electronic environments (one is cis to the C=O bond and 
the other is trans to the C=O bond), and as a result, they 
give rise to separate signals. At high temperature, there 
is sufficient energy to overcome the energy barrier, and 
the free rotation allows the methyl groups to exchange 
positions on a timescale that is faster than the timescale 
of the NMR spectrometer. The result is an averaging 
effect which gives rise to only one signal. 


25.94. 

(a) The COOH group does not readily undergo 
nucleophilic acyl substitution because the OH group is a 
relatively poor leaving group, and it donates electron 


density to the carbonyl group (making it more electron- 
rich). By converting the COOH group into an ester with 
an attached electron-withdrawing group, the compound 
is now activated toward nucleophilic acyl substitution for 
two reasons: 1) it has a good leaving group because the 
negative charge is stabilized by resonance, and 2) the 
electron-withdrawing group makes the carbonyl carbon 
more electron-deficient and therefore more electrophilic. 


(b) The nitro group stabilizes the leaving group via 
resonance. As described in Chapter 18, the electron- 
withdrawing nitro group serves as a reservoir for electron 
density: 


o 
O oO 
cS 1e 
X ^g? 


(c) The nitro group must be in the ortho or para position 
in order to stabilize the negative charge via resonance (as 
shown above). If the nitro group is in the meta position, 
the negative charge cannot be pushed onto the nitro 


group. 


25.95. Hydrolysis of the ester group gives threonine, as 
shown here: 


HN, O 
ime HCI, H2O 
-o heat 
OH O e F 
H3N,, 
OH = 9H 
GO NH; Nd OH 
threonine 


Chapter 26 
Lipids 
Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 26. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e Lipids are naturally occurring compounds that are extracted from cells using 


solvents. 

e Complex lipids readily undergo , While simple lipids do not. 

° are high-molecular-weight esters that are constructed from carboxylic acids and 
alcohols. 

. are the triesters formed from glycerol and three long-chain carboxylic 


acids, called fatty acids. The resulting triglyceride is said to contain three fatty acid 


e For saturated fatty acids, the melting point increases with increasing 
The presence ofa double bond causes a decrease in the melting point. 

e Triglycerides that are solids at room temperature are called , while those that are liquids at 
room temperature are called 

e Triglycerides containing unsaturated fatty acid residues will undergo hydrogenation. During the 
hydrogenation process, some of the double bonds can isomerize to give 1 bonds 

e In the presence of molecular oxygen, triglycerides are particularly susceptible to oxidation at the 

position to produce hydroperoxides. 

e  Transesterification of triglycerides can be achieved via either catalysis or catalysis 
to produce biodiesel. 

. are similar in structure to triglycerides except that one of the three fatty acid 
residues is replaced by a phosphoester group. 

e The structures of steroids are based on a tetracyclic ring system, involving three six-membered 


rings and one -membered ring. 
e The ring fusions are all in most steroids, giving steroids their rigid geometry. 
e All steroids, including cholesterol, are biosynthesized from . 
e Prostaglandins contain 20 carbon atoms and are characterized by a -membered ring with 


two side chains. 
e  Terpenes are a class of naturally occurring compounds that can be thought of as being assembled 


from units. 
e  Aterpene with 10 carbon atoms is called a , while a terpene with 20 carbon 
atoms is called a 
Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 26. The answers appear in the section entitled SkillBuilder Review. 


26.1 Comparing Molecular Properties of Triglycerides 


Circle the triglyceride below that is expected to have a higher melting point. 
[o] [o] 


. d aca o Qa AS ae 
nda d dE Rue EUM 
ae etw ise se Sed SU Mcd d d 


[e] [9] 
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26.2 Identifying the Products of Triglyceride Hydrolysis 


Draw the products obtained when the following triglyceride is treated with aqueous sodium hydroxide. 
fe) 
BPEL PALA SS 
9 excess 
O 
BN 
fo] = 


26.3 Drawing a Mechanism for Transesterification of a Triglyceride 


Proton Nucleophilic Proton Proton Loss ofa Proton 
transfer attack transfer transfer leaving group transfer 
A The The resulting The The Deprotonation 
is functions as a is is yields the 
protonated. nucleophile and intermediate is protonated. regenerated via product. 
attacks the deprotonated, expulsion of the 
protonated carbonyl thereby removing leaving group. 
group. the positive charge. 


26.4 Identifying Isoprene Units in a Terpene 


Identify the isoprene 
units in the following 
terpene: 


Review of Reactions 


Identify the reagents necessary to achieve each of the following transformations. To verify that your 


answers are correct, look in your textbook at the end of Chapter 26. The answers appear in the section 
entitled Review of Reactions. 


ber we ee ee Du Ww PW S 
E PE T. —— Tu p p DN 
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Review of Mechanisms 

Complete each of the following mechanisms by drawing the missing curved arrows. To verify that your 
curved arrows are drawn correctly, compare them to the curved arrows in the mechanism boxes for 
Mechanisms 26.1 — 26.6, which can be found throughout Chapter 26 of your text. 


Mechanism 26.1 Hydrolysis of an Ester Under Basic Conditions 


Mechanism 26.2 Acid-Catalyzed Transesterification 


i R 
H—0® 


Te = pL pes 
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Mechanism 26.3 Biosynthesis of Cholesterol 


H Cholesterol 


Squalene oxide 


Mechanism 26.4 Biosynthesis of Prostaglandins from Arachidonic Acid 


COOH 


Cyclooxygenase 
a 


PGG; 


9 =O: 
wy waa 
ce pif = 
—— 
Quis ZA —_ 
: i 
OH 
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Prostaglandins 


Mechanism 26.5 Biosynthesis of Geranyl Pyrophosphate 


All Monoterpenes bo 


OPP 


OPP 


geranyl 
pyrophosphate 


Mechanism 26.6 Biosynthesis of Farnesyl Pyrophosphate 


OPP o 
i d P 
© PP 
— OPP 2 
MEE UL p 
P ZA 


OPP 


farnesyl 
pyrophosphate 


All sesquiterpenes 
and diterpenes 
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Solutions 


26. Hydrolysis of triacontyl hexadecanoate gives a carboxylic acid with sixteen carbon atoms and an alcohol with 
thirty carbon atoms, as shown: 
(0) (0) 


(CH2)}29CH3 hydrolysis 
a ae 
ie cH(cHyg OH + 


HO — (CH2);9CHa 


26.2. The products of hydrolysis suggest the following ester: 


O 


e e WP EO OO UN 


26.3. 
(a) Trimyristin is expected to have a higher melting point because the fatty acid residues in trimyristin have more 
carbon atoms than the fatty acid residues of trilaurin. 


(b) Triarachidin is expected to have a higher melting point because the fatty acid residues in triarachidin have more 
carbon atoms and less unsaturation than the fatty acid residues of trilinolein. 


(c) Triolein is expected to have a higher melting point because the fatty acid residues in triolein have less unsaturation 
than the fatty acid residues of trilinolein. 


(d) Tristearin is expected to have a higher melting point because the fatty acid residues in tristearin have more carbon 
atoms than the fatty acid residues of trimyristin. 


26.4. Of the three triglycerides, tristearin is expected to have the highest melting point because the fatty acid residues 
in tristearin have more carbon atoms and less unsaturation than the fatty acid residues of tripalmitolein or tripalmitin. 
Tripalmitolein is expected to have the lowest melting point because the fatty acid residues in tripalmitolein have fewer 
carbon atoms than the fatty acid residues in tristearin, and it is the only triglyceride of the three that has unsaturated 
fatty acid residues.. 


26.5. The fatty acid residues in triarachidin have more carbon atoms than the fatty acid residues in tristearin. 
Therefore, triarachadin is expected to have a higher melting point. It should be a solid at room temperature, and should 
therefore be classified as a fat, rather than an oil. 


26.6. 

(a) All three fatty acid residues are saturated, with either 16 or 18 carbon atoms, so the triglyceride is expected to have 
a high melting point. It should be a solid at room temperature, so it is a fat. 

(b) All three fatty acid residues are unsaturated, so the triglyceride is expected to have a low melting point. It should be 
a liquid at room temperature, so it is an oil. 


26.7. 
(a) The C=C bond in each oleic acid residue undergoes hydrogenation, giving the following saturated triglyceride: 
D PR 
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(b) The triglyceride obtained from hydrogenation (shown above) has three stearic acid residues, so it is called tristearin. 
(c) Tristearin is expected to have a higher melting point because the fatty acid residues in tristearin are saturated, while 
the fatty acid residues of triolein are unsaturated. 

(d) Upon treatment with aqueous base, each of the ester groups will undergo hydrolysis, giving three equivalents of 
stearic acid, as the carboxylate form (stearate) until protonated. 


26.8. There are three fatty acid residues. Partial hydrogenation indicates that either one or two of these residues has a 
double bond (in the trans configuration). There are two isomers that exhibit one C=C bond, and there are two isomers 
that exhibit two C=C bonds, as shown here: 


26.9. When a triglyceride is treated with aqueous base, each of the ester groups is hydrolyzed, giving glycerol and 
three carboxylate ions, as shown below. Notice that two of these carboxylate ions are identical, so the reaction gives 
two carboxylate ions, in a 2:1 ratio: 


Ò 
Na e e Ne N 
OH 
Ò 
® 
Na 96 
OH 
o 
Na (0) A 
[9] 
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26.11. The products of hydrolysis indicate that the starting triglyceride has two lauric acid residues and one palmitic 
acid residue. In order to be achiral, the palmitic acid residue must be connected to C2 of the glycerol backbone, as 
shown below. Otherwise, there is no symmetry and the highlighted position (C2 of the glycerol backbone) would be a 
chiral center: 

(0) 


pou s uS 
NP. dist 


chiral center CUI SA SEC SU SUE S 


(0) 


26.12. Each of the three ester groups undergoes transesterification via the following mechanism. The carbonyl group 
is protonated, and the resulting resonance-stabilized cation is then attacked by methanol, giving a tetrahedral 
intermediate (an oxonium ion). Deprotonation, followed by protonation, gives another oxonium ion, which then loses a 
leaving group, thereby regenerating the carbonyl group. Deprotonation is the final step, ultimately producing glycerol 
and three equivalents of the ester: 


26.13. When triolein undergoes transesterification with isopropyl alcohol, the glycerol backbone is released, along 
with three equivalents of the isopropyl ester shown: 


OH 


o L 
OH + Di 
i " 
OH (three equivalents) 


26.14. 
(a) Hydroxide functions as a catalyst by establishing an equilibrium in which some ethoxide ions are present. 


NM = “ort 


HO: + “H—OEt HO + 


ethoxide 


Then, each ester group undergoes transesterification via the following mechanism. The carbonyl group is attacked by 
ethoxide, giving a tetrahedral intermediate (an alkoxide ion). The carbonyl group is then reformed via expulsion of an 
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alkoxide leaving group, which is then protonated by water, ultimately producing glycerol and three equivalents of an 


ethyl ester, as shown. 


OQ. 


PATE Ee — 


QF + 7o 


an a y o 
Et p HY H 
T ————- 


PU pe ^l 


(b) If there is too much hydroxide present, it can function as a nucleophile and attack each ester group directly, giving 
hydrolysis (saponification) rather than transesterification. A mixture of products would be formed that included both 


esters and carboxylate salts. 


26.15. 
(a) The following lecithin has two myristic acid residues: 


(b) The C2 position (of a lecithin) will be a chiral center 
and will generally have the R configuration, as shown: 


(c) If the phosphodiester was located at C2, that position 
would no longer be a chiral center, because it would be 
connected to two identical groups. Therefore, the 
molecule would no longer be chiral. 


26.16. 

(a) Each of the following two cephalins has one palmitic 
acid residue and one oleic acid residue. In each case, the 
C2 position is a chiral center (shown here with the R 
configuration). 


[9] 
s SP LEA OU uh 
[9] 
[9] 
Oe df ®© 
NH 
mst NOT 3 SN 
[9] 
[9] 
Q WN 
[9] 
OP e 
[s E uA NH; 
o0 


(b) If the phosphodiester was located at C2, then that 
carbon atom would still be connected to four different 
groups so it would still be a chiral center. Therefore, the 
compound would still be chiral. 


1192 CHAPTER 26 


26.17. The conjugate base of a phosphatidic acid 
contains a phosphate group that has three resonance 
structures, as shown: 


R O R 
o o 
ok xc ok 
R R 
(0) o9 
Oso dE] Oe 7 
ve [S] PX] 


oe R 
/ 
"A Oo 


(0) 


26.18. Octanol has a longer hydrophobic tail than 
hexanol and is therefore more efficient at crossing the 
nonpolar environment of the cell membrane. 


26.19. No. Glycerol has three OH groups (hydrophilic) 
and no hydrophobic tail. It cannot cross the nonpolar 
environment of the cell membrane. 


26.20. <A ring-flip is not possible for trans-decalin 
because one of the rings would have to achieve a 
geometry that resembles a six-membered ring with a 
trans-alkene, which is not possible. 


Hypothetical 


ring flip 
OT 


The ring fusions of cholesterol all resemble the ring 
fusion in trans-decalin, so none of the rings in 
cholesterol are free to undergo ring-flipping. 


2621. 
(a) The two rings are fused together in a trans-decalin 
system. The position of each substituent is labeled: 


axial 
Me 
equatorial 
Me Me 
equatorial 
Me 


axial 


(b) The two rings are fused together in a trans-decalin 
system. The position of each substituent is labeled: 


axial 
Me Me axial 


Me 


equatorial 
a i Me 


axial 
(c) Each set of neighboring rings are fused together, 
much like in a trans-decalin system. The position of 
each substituent is labeled: 


axial 
axial CH3 


axial 


26.22. The structure of prednisolone acetate is shown 
below. As described in the problem statement, this 
structure is different from the structure of cortisol in two 
ways, highlighted below: 


26.23. One of these compounds is extremely similar in 
structure to norethindrone (an oral contraceptive), except 
that the methyl group of norethindrone has been replaced 
with an ethyl group. This structure is likely norgestrel, 
because the problem statement indicates that norgestrel 
is used as an oral contraceptive. 


OH 
=c-H 


E 
i wi = 


norgestrel 


Oxymetholone is an anabolic steroid and it is similar in 
structure to nandrolone (a synthetic androgen analogue): 


oxymetholone 


26.24. 

(a) This prostaglandin has the PGE substitution pattern, 
and there is only one x bond in the side chains, so this 
compound is PGE. 


(b) This prostaglandin has the PGF substitution pattern, 
and there is only one x bond in the side chains. For a 
PGF substitution pattern, an additional descriptor is 
added to the name to indicate the configuration of the 
OH groups. A cis diol is designated as a, so this 
compound is PGF ia. 


26.25. 

(a) This terpene has ten carbon atoms and is therefore 
comprised of two isoprene units, shown here in one 
possible isoprene arrangement: 


ml 


Ne 


menthol 


(b) This terpene has ten carbon atoms and is therefore 
comprised of two isoprene units, shown here: 


pais OH 
my 
grandisol 
(c) This terpene has ten carbon atoms and is therefore 


comprised of two isoprene units, shown here in one 
possible isoprene arrangement: 
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carvone 


26.26. 
(a) Yes, this compound has 10 carbon atoms and is 
comprised of two isoprene units. 


(b) No, this compound is not a terpene, because it has 11 
carbon atoms. In order to be a terpene, the number of 
carbon atoms must be divisible by 5. 


LRRD. 


(c) No, this compound is not a terpene, because it has 11 
carbon atoms. In order to be a terpene, the number of 
carbon atoms must be divisible by 5. 


(d) This compound has 10 carbon atoms, but the 
branching pattern cannot be achieved by joining two 
isoprene units, so this compound is not a terpene. 


Wa A 


1194 CHAPTER 26 


26.27. The pyrophosphate leaving group is expelled to give a resonance-stabilized (allylic) carbocation. The x bond 
of isopentyl phosphate then functions as a nucleophile and attacks the carbocation. Finally, a basic amino acid residue 
of the enzyme removes a proton to give the product: 


Copp " 
S S S 
x x Sb pp 
| Ste 
N x S S <— SS x. x. 9 
OPP PY oPP 


26.28. The pyrophosphate leaving group is expelled to give a resonance-stabilized (allylic) carbocation. The x bond of 
isopentyl phosphate then functions as a nucleophile and attacks the carbocation. A basic amino acid residue of the 
enzyme then removes a proton to give geranyl pyrophosphate. The previous three steps are then repeated to give 
farnesyl pyrophosphate, followed by an elimination process to give a-farnesene, as shown: 


ec 
Sopp 
Su P NE EE. 
pr = = OPP 


geranyl 
pyrophosphate 


H A 
O OPP ; ó OPP 


NS NS g us NS 
farnesyl H 
pyrophosphate J 


a-farnesene 


26.29. 

(a) As seen in Section 26.6, stanozolol is a steroid. 

(b) As seen in Section 26.8, lycopene is a terpene. 

(c) As seen in Section 26.3, tristearin is a triglyceride. 
(d) As seen in Section 26.5, lecithins are phospholipids. 
(e) As seen in Section 26.7, PGF? is a prostaglandin. 

(f) As seen in Section 26.2, pentadecyl octadecanoate is 
a Wax. 


26.30. 

(a) When treated with excess molecular hydrogen and a 
metal catalyst (Ni), the C=C bond in each palmitoleic 
acid residue undergoes hydrogenation, giving the 
saturated triglyceride tripalmitin: 


(b) When a triglyceride is treated with aqueous base, 
each of the ester groups is hydrolyzed (saponification), 
thereby releasing glycerol: 


OH 
OH 


OH 


and three carboxylate ions (palmitate ions), as shown: 


(three equivalents) 


26.31. Each of the following two cephalins has one 
lauric acid residue and one myristic acid residue. In each 
case, the C2 position is a chiral center with the R 
configuration. Both compounds are chiral: 


Ó 


ia a RuoRd 
a ON 


© 
PN ~n NH3 
gu © 
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(0) 


ee Fe N 
an A 


[9j 
PN ™_ NH 
eo © 


26.32. The fatty acid residues in this triglyceride are 
saturated. Due to the lack of C=C m bonds, it will not 
react with molecular hydrogen. 


(0) 


idt 


SION BUCH RETINA 


Ó 


26.33. 

(a) This compound is an amino acid. It is not a lipid. 

(b) This compound has a large hydrophobic tail and is 
therefore a lipid. 

(c) Lycopene is terpene, which is a type of lipid. 

(d) Trimyristin is a triglyceride, which is a type of lipid. 
(e) Palmitic acid has a large hydrophobic tail and is 
therefore a lipid. 

(f) D-Glucose is a carbohydrate. It is not a lipid. 

(g) Testosterone is a steroid, which is a type of lipid. 

(h) D-Mannose is a carbohydrate. It is not a lipid. 


26.34. trans-Oleic acid has 18 carbon atoms and a trans 
mt bond between C9 and C10, as shown: 


Oo 


26.35. Auto-oxidation causes oils to become rancid, and 
this reaction occurs primarily at positions allylic to 
carbon-carbon double bonds. The fatty acid residues of 
tristearin are saturated and are therefore less susceptible 
to auto-oxidation than the unsaturated fatty acid residues 
in triolein. 


26.36. A monoglyceride exhibits two OH groups (of 
the glycerol backbone) and is therefore expected to be 
the most water soluble of the three compounds. A 
triglyceride has no OH groups (all three positions of the 
glycerol backbone are occupied), so a triglyceride will be 
the least water soluble. 
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26.37. The phrase “like dissolves like” helps us to 
identify a suitable solvent. Water would not be 
appropriate because it is a polar solvent, and terpenes are 
nonpolar. Hexane is a nonpolar solvent and would be 
suitable. 


26.38. 

(a) As seen in Table 26.1, palmitic acid is a saturated 
fatty acid (it contains no carbon-carbon double bonds). 
(b) As seen in Table 26.1, myristic acid is a saturated 
fatty acid (it contains no carbon-carbon double bonds). 
(c) As seen in Table 26.1, oleic acid is an unsaturated 
fatty acid (it contains one carbon-carbon double bond). 
(d) As seen in Table 26.1, lauric acid is a saturated fatty 
acid (it contains no carbon-carbon double bonds). 

(e) As seen in Table 26.1, linoleic acid is an unsaturated 
fatty acid (it contains two carbon-carbon double bonds). 
(f) As seen in Table 26.1, arachidonic acid is an 
unsaturated fatty acid (it contains four carbon-carbon 
double bonds). 


26.39. As seen in Table 26.1, arachidonic acid has four 
carbon-carbon double bonds. 


26.40. 
(a) No. It is an oil. 
(b) No. The fatty acid residues in triolein are 


unsaturated (each contains a carbon-carbon double 
bond), so triolein is reactive towards molecular hydrogen 
in the presence of Ni. 

(c) Yes. It undergoes hydrolysis to produce unsaturated 
fatty acids (each contains a carbon-carbon double bond). 
(d) Yes. It is a complex lipid because it undergoes 
hydrolysis. 

(e) No. It is not an ester with a high molecular weight. 
It is not a wax. 

(f) No. It does not have a phosphate group. 


26.41. 
(a) Yes. It is a fat. 
(b) Yes. The fatty acid residues in tristearin are 


saturated (they do not contain any carbon-carbon double 
bonds), so tristearin is not reactive towards molecular 
hydrogen in the presence of Ni. 


(c) No. It undergoes hydrolysis to produce fatty acids 
that are saturated (they do not contain any carbon-carbon 
double bonds). 

(d) Yes. It is a complex lipid because it undergoes 
hydrolysis. 

(e) No. It is not an ester with a high molecular weight. 
It is not a wax. 

(f) No. It does not have a phosphate group. 


26.42. The products of hydrolysis suggest the following 
ester: 


In 
HC — (CH2)448 — C—O- (CH2$9 — CH3 


20 carbon atoms 30 carbon atoms 


26.43. Trimyristin is expected to have a lower melting 
point than tripalmitin because the former is comprised of 
fatty acid residues with fewer carbon atoms (14 instead 
of 16). 


trimyristin 


tripalmitin 
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26.44. Each of the three ester groups undergoes transesterification via the following mechanism. The carbonyl group 
is protonated, and the resulting resonance-stabilized cation is then attacked by isopropanol, giving a tetrahedral 
intermediate (an oxonium ion). Deprotonation, followed by protonation, gives another oxonium ion, which then loses a 
leaving group, thereby regenerating the carbonyl group. Deprotonation is the final step, ultimately producing glycerol 


and three equivalents of the isopropyl ester: 


H B 
v NSP 


E 


m 


26.45. See the solution to Problem 26.14. 


26.46. In order to be achiral (possessing a plane of 
symmetry), the palmitic acid residue must be connected 
to C2 of the glycerol backbone (shown below). 
Otherwise, C2 would be a chiral center. In the 
triglyceride shown below, C2 is connected to two 
identical groups, so it is not a chiral center. 


26.47. In order for the triglyceride to be chiral (lacking a 
plane of symmetry), the palmitic acid residue cannot be 
connected to C2 of the glycerol backbone (as explained 
in the previous problem). 


xe 


26.48. The carbon skeleton of cholesterol is redrawn, 
but all wedges are replaced with dashes, and all dashes 
are replaced with wedges, giving the following structure 
(the enantiomer of cholesterol): 


26.49. 
(a) This terpene has fifteen carbon atoms and is therefore 
comprised of three isoprene units, shown here: 


A 


ZA 
bisabolene 


(b) This terpene has twenty carbon atoms and is 
therefore comprised of four isoprene units, shown here: 


Vy 


Pe 
us 


flexibilene 
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(c) This terpene has fifteen carbon atoms and is 
therefore comprised of three isoprene units, shown here: 


gu 


SS 4 


humulene 


(d) This terpene has twenty carbon atoms and is 
therefore comprised of four isoprene units, shown here: 


Vitamin A 


26.50. 


(e) This terpene has ten carbon atoms and is therefore 
comprised of two isoprene units, shown here: 


A AC... 


geraniol 


(f) This terpene has ten carbon atoms and is therefore 
comprised of two isoprene units, shown here: 


fice 


sabinene 


(a) The polar head and the two hydrophobic tails are labeled in the following structure: 


Hydrophobic tais = | R 


Polar head 


-—9 MWA d bo 


doo e» 


(b) Yes, they have one polar head and two hydrophobic tails. See Figure 26.6. 


26.51. The correct answer is (c). The given compound 
is a triglyceride that would produce glycerin (and three 
fatty acids) upon hydrolysis. The presence of double 
bonds indicates that it will undergo catalytic 
hydrogenation. The cis double bonds also cause kinks in 
the carbon chains, thus lowering the melting point of the 
compound. A polyunsaturated triglyceride is described 
as an oil because it is a liquid at room temperature. It is 
not a solid. 


26.52. The correct answer is (a). Isoprene is a 


branched, five-carbon unit. The given sesquiterpene has 
three isoprene units, as highlighted below: 


26.53. The correct answer is (b). See Figure 26.6, 
which illustrates that phospholipids have the appropriate 
geometry for bilayer formation, while fatty acids and 
triglycerides do not have the appropriate geometry for 
bilayer formation. 


26.54. The correct answer is (b). Fatty acids are long- 
chain carboxylic acids, and structure (b) contains no 
carbon-carbon double bonds, so it is described as 
saturated. 


26.55. The correct answer is (b). Lipids are naturally 
occurring compounds that can be extracted from cells 
using nonpolar organic solvents. Triglycerides, terpenes 
and steroids are all lipids, but a tripeptide is not. A 
tripeptide has many polar functional groups and is not 
classified as a lipid. 


26.56. 
(a) The epoxide can be formed on the top face of the x 
bond, as shown: 


or the epoxide can be formed on the bottom face of the x 
bond, as shown: 


HO 


(b) The methyl group (C19) provides steric hindrance 
that blocks one side of the x bond, and only the 
following epoxide is obtained: 


26.57. 

(a) Estradiol has an aromatic ring that bears an OH 
group. As such, the ring is strongly activated toward 
electrophilic aromatic substitution. Upon treatment with 
excess Br», bromination occurs at the two positions that 
are ortho to the OH group, which is an ortho-para 
director. 


The para position is already occupied so bromination 
does not occur at that location. 


(b) Upon treatment with PCC, the secondary alcohol is 
oxidized to give the following ketone: 
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HO 


(c) Upon treatment with a strong base, followed by 
excess ethyl iodide, each of the OH group undergoes 
alkylation, thereby converting the OH groups into ethoxy 
groups, as shown: 

OEt 


Eto 


(d) Upon treatment with excess acetyl chloride in the 
presence of pyridine, each of the OH group undergoes 
acetylation, giving the following product: 


26.58. Every one of the OH groups in sucrose (see 
Section 24.7) is converted into an ester group, where R is 
used to represent the hydrophobic tail of each lauric acid 
residue. This compound is not superimposable on its 
mirror image, so it is chiral (much like sucrose). 


R 

iios 4 
O 

9) 


òo 0 
2d 
R R 


26.59. 

(a) This transformation requires reduction 
(hydrogenation) of the C=C bond in oleic acid, which 
can be achieved upon treatment with H» in the presence 
of Ni. 

(b) This transformation requires reduction 
(hydrogenation) of the C=C bond in oleic acid, as well as 
esterification (conversion of the OH group to an ethoxy 
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group). This can be achieved upon treatment with H2 
and Ni, followed by NaOH, followed by Ertl. 
Alternatively, a Fischer esterification can be employed 
after hydrogenation, by treating the carboxylic acid with 
ethanol in the presence of an acid catalyst. 

(c) This transformation requires reduction 
(hydrogenation) of the C=C bond in oleic acid, as well as 
reduction of the carboxylic acid group to give a primary 
alcohol. This can be achieved upon treatment with H2 
and Ni, followed by LiAIH4, followed by aqueous acidic 
work-up. 

(d) Ozonolysis (Os, followed by DMS) followed by 
oxidation with Na2zCr2O7 and H2SOs will generate the 
desired dicarboxylic acid. 

(e) This transformation requires reduction 
(hydrogenation) of the C=C bond in oleic acid, as well as 
installation of a bromine atom at the a position. This 
can be achieved upon treatment with H» and Ni, followed 
by PBrs and Br», followed by H20. 


26.60. 

(a) Limonene is comprised of 10 carbon atoms and is 
therefore a monoterpene. 

(b) The compound does not have any chiral centers and 
is, therefore, achiral: 


(c) Ozonolysis of limonene causes cleavage of each C=C 
bond, giving a tricarbonyl compound and formaldehyde, 
as shown: 


26.61. The starting material is a cyclic acetal. Upon treatment with aqueous acid, the acetal is opened to give a 


dihydroxyaldehyde. 


Reduction of the aldehyde group gives glycerol, which is then converted into the desired 


triglyceride upon treatment with an excess of the acyl halide in the presence of pyridine: 


ve HO 
HsO* NaBH 
QU Ei ull cu ND LLL ENT OH 
e MeOH 
e 


OH 


OH 


Excess O 


PREF 


trimyristin 


py 
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26.62. 
(a) Fats and oils have a glycerol backbone connected to three fatty acid residues. This compound also has a glycerol 
backbone, but it is only connected to two fatty acid residues. The third group (left) is not a fatty acid residue. 


(b) Both ester groups are hydrolyzed upon treatment with aqueous base, giving the following products: 


ms E pan pu mar 


cO Na 
[9] 


(c) In aqueous acid, the two ester groups undergo hydrolysis, just as we saw in basic conditions. Under these 
conditions, the enol ether also undergoes acidic cleavage, thereby freeing glycerol and an enol. Upon its formation, the 
enol rapidly tautomerizes to give an aldehyde. In summary, we expect the following products: 


O 
ae O ee UAE US 
OH 
O 
OH M NUN E NE Oe UN 
OH o 


Chapter 27 
Synthetic Polymers 


Review of Concepts 


Fill in the blanks below. To verify that your answers are correct, look in your textbook at the end of 
Chapter 27. Each of the sentences below appears verbatim in the section entitled Review of Concepts and 
Vocabulary. 


e Polymers are comprised of repeating units that are constructed by joining 


together. 

e A is a polymer made up of a single type of monomer. Polymers made from 
two or more different types of monomers are called : 

e Ina copolymer, different homopolymer subunits are connected together in one chain. 
Ina copolymer, sections of one homopolymer have been grafted onto a chain of 
another homopolymer. 

e Monomers can join together to form addition polymers by cationic, anionic, or 
addition. 

e Most derivatives of ethylene will undergo polymerization under suitable conditions. 

e Cationic addition is only efficient with derivatives of ethylene that contain an electron- 

group. 

e Anionic addition is only efficient with derivatives of ethylene that contain an electron- 

group. 

e Polymers generated via condensation reactions are called polymers. 

° -growth polymers are formed under conditions in which each monomer is added to the 
growing chain one at a time. The monomers do not react directly with each other. 

. -growth polymers are formed under conditions in which the individual monomers react 
with each other to form , which are then joined together to form polymers. 

e  Crossed-linked polymers contain bridges or branches that connect neighboring chains. 

e  Thermoplastics are polymers that are at room temperature but when heated. They 
are often prepared in the presence of to prevent the polymer from being brittle. 

. are polymers that return to their original shape after being stretched. 

° polymers can be broken down by enzymes produced by microorganisms in 


the soil. 
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Review of Skills 


Fill in the blanks and empty boxes below. To verify that your answers are correct, look in your textbook at 
the end of Chapter 27. The answers appear in the section entitled Skil/Builder Review. 


27.1 Determining Which Polymerization Technique is More Efficient 


Step 1 Identify the Step 2 Step 3 Determine whether the monomer bears an electron- Step 4 
units. Identify the group or an electron- group. If EWG, 
then use 
necessary to 
K i iti b 
make this EDGs EWGs addition 
polymer. 
R R R If EDG, then 
KANAN R Ye ES E: F Ge gon use 
2 a A £t Z Z Ze addition. 


27.2 Identifying the Monomers Required to Produce a Desired Condensation Polymer 


Draw the two difunctional monomers necessary to form the following condensation polymer: 


| | : | | ete 


Review of Reactions 
Identify the reagents necessary to achieve each of the following transformations. To verify that your 


answers are correct, look in your textbook at the end of Chapter 27. The answers appear in the section 
entitled Review of Reactions. 


Reactions for Formation of Chain-Growth Polymers 


R R R R 
EDG EDG EDG EDG 
P 
EWG EWG EWG EWG 
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Reactions for Formation of Step-Growth Polymers 


(0) 


i9) 
ASA + HÒ 


O 
p P 
CI Cl RO OR 


Review of Mechanisms 

Complete each of the following mechanisms by drawing the missing curved arrows. To verify that your 
curved arrows are drawn correctly, compare them to the curved arrows in the mechanism boxes for 
Mechanisms 27.1 — 27.3, which can be found throughout Chapter 27 of your text. 


Mechanism 27.1 Radical Polymerization 


Initiation 


ses ss heat zs us 
RO—OR — m R “OR 


R 


Propagation 


Termination 


R R R R ^ R R R R 
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Mechanism 27.2 Cationic Polymerization 


1205 


Initiation 
R H—A R 


Propagation 
R R R 


uu d ues A "TM 


Termination 


R R R R R 
:Base 
Pe ——— Edu 
H 


Mechanism 27.3 Anionic Polymerization 


Initiation 


Oo © 
Bu: Li 


Propagation 


Termination 


R R R JOL R R R 
H^'^H MS 
"Jo —————— + HO: 
R R R R R R 
a — > 
9 CO? 
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Solutions 


27.1. 
(a) Polymerization of vinyl acetate gives poly(vinyl 


acetate): 
is 


poly(vinyl Ep 


(b) Polymerization of vinyl bromide gives poly(vinyl 


bromide): 
T 
H H |, 


poly(vinyl bromide) 


(c) Polymerization of a-butylene gives poly-a-butylene: 


qe 
H CH; 
M 
Eg 


poly-a-butylene 


27.2. Poly(methyl acrylate) can be made from methyl 
acrylate, shown here: 


H CO.Me 
N / 
C=C 
/ \ 

H H 


methyl acrylate 


27.3. The following structure represents an alternating copolymer constructed from styrene and ethylene. The units 


produced from styrene and ethylene are highlighted: 


27.4. The following structure represents a block copolymer constructed from propylene and vinyl chloride. The units 


produced from propylene and vinyl chloride are highlighted: 


a WE UE ae 
E2381: 39 549 
H HJIH HIH HH H IH H H 


27.5. This copolymer can be made from isobutylene and 
styrene, as shown: 


W 
c—c =J 


| | | | 
| H CH, H H j 
CH3 Ph 
CH3 H 
isobutylene styrene 


27.6. In each case, we identify the nature of the vinylic 
group, which determines the conditions to use. Anionic 
conditions are used if the vinylic group is electron- 
withdrawing, while cationic conditions are used for an 
electron-donating group: 


(a) A cyano group is an electron-withdrawing substituent 
(see Table 18.1 and associated discussion), so 
preparation of this compound would be best achieved via 
anionic addition. 


(b) A methoxy group is an electron-donating substituent 
(see Table 18.1 and associated discussion), so 
preparation of this compound would be best achieved via 
cationic addition. 


(c) Methyl groups are electron-donating substituents 
(see Table 18.1 and associated discussion), so 
preparation of this compound would be best achieved via 
cationic addition. 


(d) An acetate group is an electron-donating substituent 
(see Table 18.1 and associated discussion), so 
preparation of this compound would be best achieved via 
cationic addition. 


(e) A nitro group is an electron-withdrawing substituent 
(see Table 18.1 and associated discussion), so 
preparation of this compound would be best achieved via 
anionic addition. 


(f) A trichloromethyl group is an electron-withdrawing 
substituent (see Table 18.1 and associated discussion), so 
preparation of this compound would be best achieved via 
anionic addition. 


27.1. An acetate group is more powerfully electron- 
donating (via resonance) than a methyl group (via 
hyperconjugation), so vinyl acetate is expected be the 
most reactive toward cationic polymerization. A nitro 
group is electron-withdrawing, so nitroethylene is 
expected to be the least reactive toward cationic 
polymerization. 


27.10. 


CHAPTER 27 1207 


least reactive most reactive 


> 


NO» CH; OAc 


Z 2 


27.8. A nitro group is a very powerful electron- 
withdrawing group (see Table 18.1 and associated 
discussion), so nitroethylene is expected to be the most 
reactive toward anionic polymerization. A chlorine atom 
is only weakly electron-withdrawing, as compared with a 
nitro group or a carbonyl group (see Table 18.1 and 
associated discussion), so vinyl chloride is expected to 
be the least reactive toward anionic polymerization. 


least reactive most reactive 


ax ox 


27.9. A benzylic anion, cation or radical will be 
stabilized by resonance, so styrene can be effectively 
polymerized under anionic, cationic or radical-initiated 
addition conditions. 


NO; 
Z 


In the initiation step, water attacks one molecule of the monomer, giving a carbanion. This carbanion then 


attacks another molecule of the monomer in a propagation step. This propagation step repeats itself, thereby growing 
the polymer chain. A termination step can occur if the carbanion is protonated by water, as shown: 


Initiation 
af NEL fs BO20Hs MESA R47 CO;CH 
pen C=C, — hoc =: Co 
H H H CN l R R,=CN 
Propagation 
H wR Hw Rt 
H Ry a 1 Ry ES Ri H Ry H Ry 
® | ol H R © | I lel HR © p^ d dul del 
e ae "oue 
H R H Ry H R H Ro H RH R 
Termination 
ELTTI S u ee ee 
i—c-c-c-c-c-t - i—c-c-c-c-c-c-H + 9 
Pete a ae al bb. QM 
H Rə H Ro H R H Ro H RHR 
2 
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27.11. Protonation of one of the carbonyl groups in terephthalic acid renders it even more electrophilic, and it is then 
attacked by ethylene glycol to give a tetrahedral intermediate (an oxonium ion). Two successive proton transfer steps 
convert the oxonium ion into another oxonium ion, which can lose water to regenerate the C=O bond. Deprotonation 
generates an ester. This ester has a carbonyl group on the left side, and an OH group on the right side. As a result, this 
compound can serve as a monomer for polymerization (via a repetition of the Fischer esterification steps just 
described). 


ae H 
"o H Q- 
Vo H * 
OH H^e ot OH 
HO HO 
O oO 
HO 
“oH 
OH FA OH 
HO 
Ho GH “Son a di 
O Q 
eS H^ "oH 
O (6) 
1 
&. 
ue onn 
2s @.-H 
cen OD 
aO 
HO OH» - H2O - n E 
Son HO 
(6) 
[e] 
HO 
“Soy 
o Repeat o 
steps 
o P above gee" 
<x =< 
HO 
O oO 
n 


27.12. Oxalic acid bears two carboxylic acid groups, while resorcinol bears two OH groups. These two compounds 
can polymerize via successive Fischer esterification reactions, giving the following condensation polymer: 


[e 
Q 9 HO OH [IH e e 
HO OH (0) " 


oxalic acid resorcinol 


27.13. Each of the amide groups can be made via the 
reaction between a carboxylic acid group and an amino 
group. Therefore, Kevlar can be made from the 
following dicarboxylic acid and diamine monomers: 


(0) OH 
HO (0) 


27.14. 

(a) Each of the ester groups can be made from the 
reaction between a carboxylic acid group and an alcohol 
(via a Fischer esterification reaction). Therefore, the 
desired polymer can be made from the following diol 


and dicarboxylic acid monomers: 
NANa 


(0) (0) 


(b) Each carbonate group can be made from the reaction 
between phosgene and two alcohols. Therefore, the 
desired polymer can be made from the following diol 
and phosgene: 


HO OH Cl Cl 


27.15. | Each of the OH groups in 1,4-butanediol can 
attack phosgene, giving the following polymer: 


o xw E 


27.16. 

(a) s£-Aminocaproic acid has both a carboxylic acid 
group and an amino group (which can react with each, in 
an intermolecular fashion, to give an amide linkage). As 
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such, this compound will polymerize to form the 
following polymer: 


(0) 


(b) Nylon 6 exhibits a smaller repeating unit than Nylon 
6,6. 


27.17. 
(a) Each monomer has two growth points, so we expect 
that polymerization will generate a step-growth polymer. 


(b) When these monomers are used to form a copolymer, 
the growing polymer chain has only one growth point, so 
we expect that polymerization will generate a chain- 
growth polymer. 


27.18. This polymer exhibits repeating carbonate 
groups, so it can be made from phosgene and the 
appropriate diol. Since the diol has two growth points 
(and since the growing oligomers also have two growth 
points), this polymer can be classified as a step-growth 
polymer. 


27.19. Polyisobutylene does not have any chiral centers, 
so it cannot be described as isotactic, syndiotactic, or 
atactic. 


d 
- 
H CH3 n 


polyisobutylene 


27.20. LDPE is used to make Ziploc bags (a flexible 
product, like trash bags) and HDPE is used to make 
folding tables (an inflexible product, like Tupperware). 
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27.21. Protonation of an ester group in PET renders it even more electrophilic, and it is then attacked by water to give a 
tetrahedral intermediate (an oxonium ion). Two successive proton transfer steps convert the oxonium ion into another 
oxonium ion, which can lose a leaving group to regenerate the C=O bond. Deprotonation generates a carboxylic acid 
(and an alcohol). These steps are then repeated to give terephthalic acid and ethylene glycol, as shown: 


ae 
PE 


Pod H 
H So 
x 
fe) H 
` Bi 
od 
i 
coe 
AS 
CoH 
OH 
S ~co d 
oO He 
oO 
oj $ 
TNT 
oO 
O Repeat 
steps 
OH above 9H 4 HO ee 
O [9] 
+ HO 
ou 


27.22. 
(a) Polymerization of nitroethylene gives polynitro- 


ethylene: 


M us 
a 
H H |, 


polynitroethylene 


(b) Polymerization of acrylonitrile gives polyacrylo- 
nitrile: 


ib 
Ter 
H H |, 


polyacrylonitrile 


(c) Polymerization of vinylidene fluoride 


poly(vinylidene fluoride): 


gives 


felt 
T 
H F 


n 
poly(vinylidene fluoride) 


27.23. 

(a) Each of the ester groups can be made from the 
reaction between a carboxylic acid group and an alcohol 
(via a Fischer esterification reaction). Therefore, the 
desired polymer can be made from the following 
dicarboxylic acid and diol monomers: 


(0) 


HO , OH 
OH HO 


27.25. 
isobutylene and styrene units are highlighted: 
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(b) The reaction of a carboxylic acid with an alcohol is a 
Fischer esterification, which requires acidic conditions. 
The acid protonates the carbonyl of the ester group to 
make it a strong electrophile that can be subsequently 
attacked by the weakly nucleophilic alcohol. 


27.24. This copolymer can be made from the following 
monomers: 


4 F i Ph 

om i 

H Cl Ph |, 
Cl Ph 
Cl Ph 


The following structure represents a block copolymer constructed from isobutylene and styrene. The 


27.26. The following structure represents an alternating copolymer constructed from vinyl chloride and ethylene. The 


vinyl chloride and ethylene units are highlighted: 


27.27. An acetate group is an electron-donating 
substituent (via resonance), while the other two groups 
(CN and Cl) are electron-withdrawing substituents. 
Therefore, vinyl acetate is expected be the most reactive 
toward cationic polymerization. 


27.28. A cyano group is an electron-withdrawing 
substituent (via resonance), while the other two groups 
(acetate and methyl) are both  electron-donating 
substituents. Therefore, the compound bearing the cyano 
group is expected be the most reactive toward anionic 
polymerization. 


27.29. All three polymers are step-growth polymers, 
because in each case, the growing oligomers have two 
growth points. 

(a) The starting materials are a diacid and a diamine, 
which can be linked together via amide groups, giving 
the following polymer: 


x= 
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(b) The starting materials are a diol and a diisocyanate, 
which can be linked together as carbamate groups, 
giving the following polyurethane: 


‘oro 


(c) The starting materials are a diol and phosgene, which 
will react with each other to give carbonate groups, and 
thus the following polycarbonate: 


o 
“T° 
n 
27.30. 


(a) The starting materials are a diacid and a diamine, 
which can be linked together via amide groups, giving 
the following polymer: 


d » ü S Í 
—rN poet 
H H 
[9] 


Le in 


(b) Quiana is a polyamide. 

(c) Quiana is a step-growth polymer, because each of the 
growing oligomers has two growth points. 

(d) Quiana is a condensation polymer because it is made 
via a condensation process (between carboxylic acid and 
amino groups, with loss of water). 


27.31. 

(a) Each of the amide groups can be made from the 
reaction between a carboxylic acid and an amino group. 
Therefore, this polymer can be made from the following 
monomer, which bears both the amino group and the 
carboxylic acid group: 


OH 
HN oe Ss 


(0) 


(b) Each of the ester groups can be made from the 
reaction between a carboxylic acid and an alcohol. 
Therefore, this polymer can be made from the following 
monomer, which bears both a hydroxyl group and a 
carboxylic acid group: 


(0; 
— )—oH 
HO 


27.32. The starting materials are a diol and phosgene, 
which will react with each other to give carbonate 
groups, and thus the following polycarbonate: 


n 


27.33. 
(a) Each monomer has two growth points, so we expect 
that polymerization will generate a step-growth polymer. 


(b) When these monomers are used to form a copolymer, 
the growing polymer chain has only one growth point, so 
we expect that polymerization will generate a chain- 
growth polymer. 


27.34. Nitro groups are among the most powerful 
electron-withdrawing groups, and a nitro group stabilizes 
a negative charge on an adjacent carbon atom, thereby 
facilitating anionic polymerization. 


27.35. Shower curtains are made from PVC, which is a 
thermoplastic polymer. To prevent the polymer from 
being brittle, the polymer is prepared in the presence of 
plasticizers which become trapped between the polymer 
chains where they function as lubricants. Over time, the 
plasticizers evaporate, and the polymer becomes brittle. 


27.36. 
(a) Polyformaldehyde is a polymer that is assembled 
from repeating formaldehyde (H2C=O) units, as shown: 


jme ee 

oe eee S 

H H H n 
polyformaldehyde 


(b) The growing polymer chain has only one growth 
point, so polyformaldehyde is classified as a chain- 
growth polymer. 

(c) Polyformaldehyde is an addition polymer, because it 
is formed via successive addition reactions (involving 
the x bond in each molecule of formaldehyde). No small 
molecule (such as water) is produced in the 
polymerization process, so it is not a condensation 
polymer. 


27.37. The monomer bears an electron-withdrawing 
group (CN) that can stabilize a negative charge via 
resonance, making it suitable for anionic polymerization. 
However, it also bears an electron-donating group (OMe) 
that can stabilize a positive charge via resonance, making 
it suitable for cationic polymerization as well. 


27.38. The nitro group serves as a reservoir of electron 
density that stabilizes a negative charge via resonance 
(see Chapter 18). Resonance involving a nitro group 
delocalizes the negative charge onto an electronegative 


oxygen atom (highly effective stabilization), while 
resonance with a benzene ring delocalizes the negative 
charge onto carbon atoms (providing less effective 
stabilization). 


27.39. The methoxy group is an electron-donating group 
that stabilizes an adjacent carbocation via resonance (see 
Chapter 18). 


27.40. A methoxy group can only delocalize the positive 
charge via resonance if it is located in an ortho or para 
position. A methoxy group cannot stabilize the 
carbocation if it is located in the meta position (see 
Chapter 18). 


27.41. 
(a) In a syndiotactic polymer, the chiral centers exhibit 
alternating configuration, as shown: 


(b) In an isotactic polymer, the chiral centers all exhibit 
the same configuration, as shown: 


Cl Cl Cl Cl Cl 


Ee; 
c 


27.42. 

(a) The desired polymer is a polyurethane, which can be 
prepared from the following diisocyanate and the 
following diol: 


Og. 4c + 


(b) Each monomer has two growth points, so we expect 
that polymerization will generate a step-growth polymer. 


(c) Polyurethanes are classified as addition polymers 
(see end of Section 27.5), because they are formed via 
successive addition reactions. No small molecule (such 
as water) is produced in the polymerization process, so it 
is not a condensation polymer. 


27.43. The correct answer is (b). The repeating units 
are comprised of four carbon atoms: 


KO 


Four carbon atoms 


Therefore, the required monomer must also have four 
carbon atoms. So we can rule out options (a) and (c). 
The remaining two options, (b) and (d), have the same 
carbon skeleton, but only option (b) has a functional 
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group (a x bond). This x bond is necessary for the 
polymerization process to occur under acid-catalyzed 
conditions (see Mechanism 27.2). 


27.44. The correct answer is (b). There are two ester 
groups that are hydrolyzed. One ester group can be seen 
in the center of the structure: 


Emp 


And the other ester group is located at the connection 
between the repeating units: 


d 


Each ester group is hydrolyzed to give a carboxylic acid 
and an alcohol: 


O H30* O 
3 
R —— FAM t pu 
e R HO R 


Therefore, option (b) is the correct answer, because the 
structures have the correct functional groups. In all of 
the other options, one or both of the carboxylic acid 
groups have been replaced by an aldehydic group. 


27.45. The correct answer is (b). An alcohol will react 
with a carboxylic acid to give an ester: 


(0) 


~A + OH 
HO T 


(0) 


Condensation 


(6) 
HO Ngo 
oO 


This initial condensation product still has one OH group 
and one carboxylic acid group (highlighted), 


Oo 


Oo 


so it can undergo further condensation to give the 
following polymer: 
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i9) 
O 
Vr Ses 
O jn 
27.46. The correct answer is (d). Cationic 


polymerization occurs with acid-catalyzed conditions 
and involves carbocation intermediates. Monomers 
bearing electron-withdrawing groups would not be 
suitable for such reactions. Polymerization of monomer 
(d) is best, because it involves a stable tertiary 
carbocation: 


d ead md d 
27.47. The correct answer is (a). Anionic polymerization 
is favorable for monomers bearing electron-withdrawing 
groups, because the anionic intermediates will be 
stabilized. Choices (b), (c) and (d) are all Michael 
acceptors and are, therefore, suitable for anionic 


polymerization. Choice (a) contains an electron-donating 
group that cannot stabilize an adjacent anion. 


O 
Wu. CN SD e CHO 
EWG EWG EWG 
axa LO electron- 
ST donating 
O group 


27.48. A ketone will react with a primary amine (under 
acid-catalyzed conditions) to give an imine (see Section 
19.6). The starting materials are a dione and a diamine, 
so we expect formation of the following polyimine: 


27.52. 


© 


27.49. Vinyl alcohol is an enol, which is not stable. If it 
is prepared, it undergoes rapid tautomerization to give an 
aldehyde, which will not produce the desired product 
upon polymerization. 


27.50. The ester groups undergo hydrolysis in basic 
conditions (saponification), which cleaves the polymer 
chain. 


27.51. 

(a) The carbocation that is initially formed is a secondary 
carbocation, and it can undergo a carbocation 
rearrangement to give a more stable, tertiary carbocation. 
In some cases, the secondary carbocation will be added 
to the growing polymer chain before it has a chance to 
rearrange. In other cases, the secondary carbocation will 
rearrange first and then be added to the growing polymer 
chain. The result is the incorporation of two different 
repeating units in the growing polymer chain. 


(b) The following structure represents a segment of the 
random copolymer described in the solution to part (a). 
The repeating units are highlighted: 


(c) Yes, because a secondary carbocation is formed when 
3,3-dimethyl-1-butene is protonated, and a methyl shift 
can occur that converts the secondary carbocation into a 
tertiary carbocation. 


(a) As described in the problem statement, the epoxide ring is opened with a strong nucleophile to form an alkoxide 
ion, which then functions as a nucleophile and attacks another molecule of ethylene oxide. This process repeats itself 


many times, thereby forming poly(ethylene oxide), as shown: 


Y me 


n 
poly(ethylene oxide} 
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(b) Under acidic conditions, an epoxide can be protonated. A nucleophile can then attack the protonated epoxide, 
thereby opening the ring, and forming an alcohol. An alcohol is a weak nucleophile and it can then attack another 
protonated epoxide, once again opening the ring. The resulting oxonium ion is then deprotonated. If the base for this 
proton transfer step is a molecule of the epoxide, the resulting protonated epoxide can then serve as the electrophile for 
the next step. This process can repeat itself many times, thereby forming poly(ethylene oxide), as shown: 


1 
H ço? 
Ko <I 

Nui SI er ee Nuc” ~~ 
oN l 
"MN 
Ner NR ee nu ONG 
Nu re "HE NON o 
n 


poly(ethylene oxide) 


(c) The desired polymer is similar in structure to poly(ethylene oxide), but there is a gem-dimethyl group present in the 
repeating unit. This polymer can be made if the starting epoxide also bears a gem-dimethyl group: 


O 


4^ 


(d) Preparation of this polymer would require the following epoxide: 


O 


A~ 


Acidic conditions will be required, because the epoxide is too sterically hindered to be attacked under basic conditions 
(see Section 13.10). 


27.53. Each of the highlighted positions represents an acetal group (see Section 20.5): 
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Therefore, this polymer can be made via acetal formation, from poly(vinyl alcohol) and acetaldehyde (in the presence 
of an acid catalyst, and with the removal of water): 
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poly(vinyl alcohol) 


Poly(vinyl alcohol) can be made from vinyl acetate in just two steps (as seen in Problem 27.44). Acetaldehyde can also 
be made from vinyl acetate (upon treatment with aqueous acid). Under these conditions, the acetate group is 
hydrolyzed, giving an enol, which tautomerizes to give acetaldehyde: 


OAc " OH (6) 
H30 Tautomerization 
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an enol 
(not isolated) 


The forward scheme is shown here. Polymerization of vinyl acetate gives poly(vinyl acetate), which can be treated 
with aqueous acid to give poly(vinyl alcohol), as seen in Problem 27.44. This polymer can then be treated with 
acetaldehyde (formed by treating vinyl acetate with aqueous acid) to give the desired polymer: 
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APPENDIX 
Nomenclature of Polyfunctional Compounds 


A.1. This compound is a primary amine because there is only one alkyl group attached to the nitrogen, but it also has a hydroxyl 
group. Because alcohol functionalities have a higher suffix priority than amine groups, the compound will be named as an alcohol, 
and the amine will be named as a substituent (an amino group). Referencing Table 4.1, we can infer that an 18-carbon chain is 


called an octadecane, so this alcohol is an octadecanol. Numbering from left to right gives the alcohol and the amine the lowest 
possible numbers. 


NH; 
P n $ 8 40 1 4 46 18 


1 5 7 9 11 13 45 17 
OH 


The name so far is 2-amino-3-octadecanol (or 2-aminoctadecan-3-ol using the new IUPAC rules). Lastly, the configuration of each 
chiral center must be specified. 
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Prioritization Scheme 
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The full IUPAC name is thus (2.S,3R)-2-amino-3-octadecanol. 
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